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Acute pain has a physiological protective role in preventing tissue damage. However, 
pain can become chronic due to a multitude of pathophysiological states, such 
as: trauma, inflammation, neural injury, viral infection, cancer, autoimmune diseases 
and vascular and metabolic disorders. These pathological states can trigger alterations 
of the pain pathways that can lead to hypersensitivity, and in such circumstances, pain 
loses its protective role and instead, becomes persistent and debilitating affecting 
seriously to the quality of life of patients.

Chronic pain is one of the most important health problems worldwide. It has 
been estimated that 10% of adults are diagnosed with chronic pain each year. 
However, despite the high prevalence of chronic pain, its management is still 
no fully satisfactory probably due to the variety of chronic pain conditions with 
different etiologies (neuropathic, visceral and musculoskeletal pain), and because 
their pathophysiological mechanisms are only partially known. Therefore, there is 
a huge need for new effective therapies for the control and/or prevention of the 
different types of chronic pain.

Chronic pain is associated with plastic changes in pain circuits of the peripheral 
and central nervous system, including changes in the expression of ion channels, 
neurotransmitters and receptors. In addition, there is growing consensus on 
non-neuronal mechanisms that can amplify or resolve chronic pain, and cells 
traditionally thought to act just as coordinators of the inflammatory response (such 
as immune and glial cells) are now accepted as real modulators of pain signaling. 
In this regard, animal models of persistent pain, such as models of neuropathic and 
visceral pain and models of arthritis, are helping to elucidate our understanding of the 
pathogenesis of chronic pain and make it possible to test experimental treatments.
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Editorial on the Research Topic

Mechanisms and New Targets for the Treatment of Chronic Pain

BACKGROUND

Nociceptive pain has a physiological protective role in preventing tissue injury. However, pain can
become chronic due to a multitude of pathophysiological states, such as: inflammation, nerve injury,
tumors, infections, autoimmune diseases, and vascular and metabolic disorders. These pathological
states can trigger alterations of the pain pathways that can lead to painful hypersensitivity, and in
such circumstances, pain loses its protective role and instead, becomes chronic, pathologic, and it
can be extremely debilitating for people who suffer from it (Basbaum et al., 2009). Chronic pain has
recently been defined as pain that persists or recurs for more than 3 months (Treede et al., 2019)

Chronic pain is a very significant health problem around the world. Although its prevalence is
difficult to calculate, it has been estimated that a 10% of adults are diagnosed with chronic pain each
year (Goldberg and McGee, 2011), and in a very recently meta-analysis, the prevalence of chronic
pain in the general population of developing countries was estimated at 18% (Sá et al., 2019).
However, the management of chronic pain is still no fully satisfactory probably due to the variety of
persistent pain conditions with different etiologies, such as musculoskeletal (McWilliams and
Walsh, 2017), neuropathic (Alles and Smith, 2018), visceral (Gebhart and Bielefeldt, 2016) and
cancer-related (Lam, 2016) pain, whose pathophysiological mechanisms are only partially known.
In addition, current analgesics for pathologic pain are not totally effective in all patients and are
associated with serious side effects and/or abuse and dependence problems, in fact, opioids still keep
an important role in the treatment of certain chronic pain conditions (Finnerup et al., 2015; Noori
et al., 2019). Non-pharmacological treatments for chronic pain relief, such as acupuncture and
different neurostimulation techniques might have some therapeutic benefits, although the clinical
efficacy of these complementary therapeutic approaches are difficult to prove (Coutaux, 2017;
Lefaucheur, 2019). Therefore, there is a huge need for new effective therapies with less adverse
effects for the control and prevention of the different types of chronic pain.

Chronic pain can emerge as a consequence of dysfunction of the nociceptive circuits at any level
of the nervous system, resulting in an increased perception of pain (hyperalgesia and allodynia), and
even spontaneous pain. Tissue damage and inflammation lead to a reduced threshold and increased
in.org September 2020 | Volume 11 | Article 6000376
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sensitivity of the peripheral terminals of the nociceptors,
resulting in pain hypersensitivity – a process known as
peripheral sensitization (Costigan et al., 2009). On the other
hand, central sensitization represents a phenomenon of
enhanced function of neurons and circuits of central pain
pathways, caused by increased membrane excitability and
synaptic efficacy and by reduced inhibition (Latremoliere
and Woolf, 2009). Peripheral and central sensitization
is a manifestation of the extraordinary plasticity of the
somatosensory nervous system in response to inflammation or
injury and they are major contributor of chronic pain (Woolf
and Salter, 2000). Neuronal functional changes, including
alterations in neurotransmitter synthesis and signaling, and
changes in expression and trafficking of receptors and ion
channels can trigger the sensitization of the pain pathways
(Costigan et al., 2009; Latremoliere and Woolf, 2009). In
addition, accumulating evidence suggests that non-neuronal
cells mainly immune and glial cells play active roles in the
pathogenesis and resolution of chronic pain by releasing
neuroactive mediators that modulate pain (Hore and Denk,
2019). Among these non-neuronal cells, satellite glial cells,
macrophages and T cells in the peripheral nervous system, and
microglia and astrocytes in the central nervous system, are the
most studied by far. Interestingly, nociceptive neurons can also
release active substances on glial and immune cells, which can
also contribute to the neuroinflammatory process that is
involved in chronic pain (Ji et al., 2016). Therefore, there is an
authentic cross-talk between neurons and immune and glial cells
which has attracted the attention of numerous pain scientists in
the last years to increase our knowledge of how neuroimmune
and neuroglial mechanisms contribute to chronic pain states.
OVERVIEW OF THE ARTICLES INCLUDED
IN THIS RESEARCH TOPIC

This Research Topic includes twenty four articles that address
different aspect of the pathophysiology and treatment of chronic
pain. Most of the studies are basic research with experimental
animals, but our Research Topic also includes clinical research.
In addition, the reader will also find several reviews and meta-
analysis addressing very interesting subjects.

Among the basic research studies, three articles focused on
neuropathic pain induced by chemotherapy, one of the most
prevalent adverse effects of cancer patients treated with
antineoplastic drugs (Sisignano et al., 2014). Kim et al. showed
that a selective phosphodiesterase (PDE)-4 inhibitor called
Rolipram attenuated mechanical hypersensitivity induced by the
antitumour drug paclitaxel in rats. The mechanism involved seems
to be related to the decreased on the expression of inflammatory
cytokines in the DRG induced by paclitaxel. In another article
conducted byMeng et al., it was shown that the antidepressant drug
duloxetine (a serotonin-norepinephrine reuptake Inhibitor) was
effective in reducing neuropathic pain induced by two
antineoplastic drugs (paclitaxel or oxaliplatin) in mice. Duloxetine
is considered a first line drug for the treatment of chemotherapy-
Frontiers in Pharmacology | www.frontiersin.org 7
induced painful neuropathies, although the scientific evidence to
support its efficacy in these neuropathies is still limited (Ibrahim and
Ehrlich, 2020). Meng et al. provided important evidence on the
mechanisms involved in the ameliorative effects of duloxetine in
chemotherapy-induced neuropathic pain that point to an inhibition
of the activation of p38 MAPK and NF-kB induced by
chemotherapy, thus reducing the inflammatory response in the
DRG. In addition, this study showed that duloxetine did not affect
the antitumor activity of oxaliplatin and paclitaxel, which is a key
issue for the pharmacological management of chemotherapy-
induced peripheral neuropathies. Starobova et al. established a
new model of peripheral neuropathy induced by vincristine based
on the local administration of this drug into the hind paw of mice.
They compared the resulting pain phenotypes from this new model
to that of a conventional model based on systemic administration of
vincristine. They found that mechanical allodynia was decreased in
mice lacking Toll-like receptor 4, as well as in mice treated with the
antibiotic minocycline, which has been shown to modulate the
activation of microglia and immune cells.

Two studies evaluated the analgesic effects of natural compounds
on models of neuropathic pain induced by chronic constriction
injury (CCI) of the sciatic nerve. Jin et al. demonstrated that
systemic administration of koumine (an indole alkaloid presents
in Gelsemium elegans) reduced CCI-induced mechanical allodynia
in rats by reducing astrocyte-mediated neuroinflammation. In the
study conducted by Fotio et al. was shown that a combination of
several natural products, including N-Palmitoylethanolamide
(PEA), beta-caryophyllene, carnosic acid and myrrh extract
administered orally, was as effective as gabapentin, a first line
drug for treating neuropathic pain (Finnerup et al., 2015),
reducing pain behaviors induced by CCI in mice.

Two other articles evaluate the effects of natural plant-derived
products on different pain models. Uddin et al. described the
antinociceptive effects of the methanol extract of Anisomeles
indica on two classical model of chemical-induced pain such as,
acetic acid-induced writhing test and formalin-induced licking test.
Huang et al. found that Bulleyaconitine A, a diterpenoid alkaloid
isolated from Aconitum Bulleyanum, produced antinociceptive
effect in the acetic acid-induced writhing test in rats. In addition,
this compound showed anxiolytic effects and improved
gastrointestinal function in rats with chronic visceral pain.

Other basic research studies collected in this Research Topic
evaluated the analgesic effects of several drugs on different pain
models. Thus, Zhang et al. described that duloxetine had analgesic
effects on formalin-induced pain hypersensitivity through
increasing the concentration of serotonin in the central nucleus of
amygdala (CeA). Hu et al. described that the local administration of
TRPV1 antagonist had analgesic effects on pain hypersensitivity
associated to a rat model of complex regional pain syndrome
(CRPS) induced by ischemia. This study suggests that TRPV1
channel might have an important role on this pain syndrome,
whose pathophysiology remain poorly understood (Eldufani et al.,
2020). Idris et al. showed that two synthetic benzimidazole
derivatives attenuated morphine-induced paradoxical pain in
mice. Srebro et al. showed that systemic administration of
tramadol had both prophylactic and therapeutic analgesic effects
September 2020 | Volume 11 | Article 600037
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in inflammatory pain and edema induced by intraplantar injection
of carrageenan. Interestingly, they found that the co-administration
of a fixed dose of tramadol with different doses of magnesium
sulfate led to a dose-dependent enhancement of the analgesic effect
of tramadol, opening the door to the use of magnesium as adjuvant
therapy along with tramadol to counteract inflammatory pain.
Magnesium ion acts as a blocker of the N-methyl-D-aspartate
(NMDA) receptor in the central nervous system and it is well
known that NMDA receptor activation is key in the central
sensitization process (Latremoliere and Woolf, 2009).

Another study conducted by Metcalf et al. used a non-
pharmacological approach to demonstrate that music can
enhance analgesia and antiseizure effects of several drugs in
animal models of pain and epilepsy. The playlist used in the
experiments comprised several Mozart`s compositions. Although
the analgesic effects of music “per se” (Lunde et al., 2019) or as
adjunct to analgesic drugs (Chai et al., 2017) have been previously
described in patients, Metcalf et al. presented the first animal study
on music-enhanced antinociceptive activity of analgesic drugs.

This Research Topic also includes a technology report
performed by González-Cano et al. which described a software to
simplify the process of calculating 50%mechanical threshold values,
when using calibrated von Frey filaments with the up–down testing
paradigm. This article can be of interest for scientists working on
basic pain research with rodents, as von Frey filaments are by far the
tool used most frequently to assess tactile allodynia in mice and rats
(González-Cano et al., 2020). They present an open-source
computer program that can read handwritten von Frey result
sheets and translate these measurements into mechanical
hypersensitivity threshold values, eliminating the chance of a
manual calculation error.

There are also several clinical reports in this Research Topic.
Thibaut et al. presented a pilot crossover randomized controlled
study to evaluate the effects of transcranial direct current stimulation
and transcranial pulsed current stimulation on brain oscillations in
patients with chronic visceral pain. Knezevic et al. conducted an
open-labeled pilot study to determine the efficacy and safety of a
new formulation of gabapentin-extended release in patients with
postamputation pain. Gabapentin is a first-line drug for the
treatment of neuropathic pain (Finnerup et al., 2015) and
Knezevic et al. demonstrated for the first time, that once-daily
dosing of gabapentin-extended release shows significant
improvement in pain severity and functional status in these
patients, with rates of side effects similar to previously published
literature. Shan et al. assessed the current available evidence of a
traditional Chinese medicine herb from the rhizome of Ligusticum
chuanxiong, for the treatment of migraine. The results of this
systematic review article indicated that this herb can reduce
frequency, duration and pain severity of migraine, with a low rate
of side effects. Another systematic review article conducted by
Garcıá-Henares et al. showed that low doses of intravenous
ketamine (a NMDA receptor antagonistin) reduced morphine
consumption and pain intensity scores after remifentanil-based
general anesthesia for major and minor surgery in adults. This
report also showed that ketamine did not increase the incidence of
adverse effects.
Frontiers in Pharmacology | www.frontiersin.org 8
Finally, the present Research Topic also offers to the reader a
good number of review articles that provide an update on the
pathophysiology and treatment of different type of chronic pain.
Valente performed a mini review about the pharmacology of
pain associated with the monoiodoacetate (MIA) model of
osteoarthritis. This model consists of intra-articular injection
of MIA to rodents and results in histopathological changes and
functional disability that mimic to some extend some of the
features of patients with osteoarthritis. Vučković et al. conducted
an extensive narrative review about the role of cannabinoids in the
treatment of pain. This article includes preclinical and clinical
research about the pharmacodynamics, pharmacokinetics,
efficacy, safety and tolerability of these compounds. Joksimovic
et al. addressed the role of neurosteroids in the management of
pain with an interesting review that focuses on their involvement
in the pain pathway, their potential use as analgesics in different
models of pain, as well as the future therapeutic perspectives.
Llorián-Salvador and González-Rodrıǵuez carried out an opinion
article about the involvement of the vascular endothelial growth
factor (VEGF) in several types of pain. VEGF is an important
mediator with pro-angiogenic properties, being an important
regulatory factor in tumor angiogenesis what explains the use of
anti-VEGF therapies for the treatment of cancer. However, VEGF
has been proposed as a potential key factor in the establishment
and maintenance of chronic pain.

There are also three review articles with a more clinical
perspective. Vigano et al. performed an update on the role of
neurophysiological abnormalities and maladaptive plasticity on
the treatment of migraine with neuromodulation. They reviewed
the available evidence from therapeutic and physiological studies
using neuromodulation in chronic migraine. Stamenkovic et al.
carried out a narrative review to analyze preventive measures to
avoid the development of chronic pain in intensive care unit
(ICU) patients. In addition, they outlined possible management
options to minimize both chronic pain and long term opioid use
following ICU discharge. Knezevic et al. performed a review
about the role of corticosteroids in the treatment of chronic pain.
These drugs have been widely used in the treatment of back pain
and osteoarthritis over the past decades. However, their use has
been also questioned due to the serious adverse events of
corticosteroids, and the emergence of new therapeutic options.
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Pain: a Pilot crossover randomized 
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8 Department of Gynecology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, United States, 
9 Division of Translational Research, Beth Israel Deaconess Medical Center, Boston, MA, United States

Objective: Chronic visceral pain (CVP) syndromes are persistently painful disorders with 
a remarkable lack of effective treatment options. This study aimed at evaluating the 
effects of different neuromodulation techniques in patients with CVP on cortical activity, 
through electreocephalography (EEG) and on pain perception, through clinical tests.

Design: A pilot crossover randomized controlled study.

settings: Out-patient.

subjects: Adults with CVP (>3 months).

Methods: Participants received four interventions in a randomized order: (1) transcranial 
pulsed current stimulation (tPCS) and active transcranial direct current stimulation (tDCS) 
combined, (2) tPCS alone, (3) tDCS alone, and (4) sham condition. Resting state quan-
titative electroencephalography (qEEG) and pain assessments were performed before 
and after each intervention. Results were compared with a cohort of 47 healthy controls.

results: We enrolled six patients with CVP for a total of 21 visits completed. Compared 
with healthy participants, patients with CVP showed altered cortical activity characterized 
by increased power in theta, alpha and beta bands, and a significant reduction in the 
alpha/beta ratio. Regarding tES, the combination of tDCS with tPCS had no effect on 
power in any of the bandwidths, nor brain regions. Comparing tPCS with tDCS alone, we 
found that tPCS induced higher increase in power within the theta and alpha bandwidths.
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conclusion: This study confirms that patients with CVP present abnormal EEG-indexed 
cortical activity compared with healthy controls. Moreover, we showed that combining 
two types of neurostimulation techniques had no effect, whereas the two interventions, 
when applied individually, have different neural signatures.

Keywords: chronic visceral pain, pain, transcranial direct current stimulation, transcranial pulsed current 
stimulation, non-invasive brain stimulation, electroencephalogram

inTrODUcTiOn

Visceral pain results from nociceptor activation in thoracic, 
pelvic, or abdominal visceral organs (1). While acute pain has 
the vital role of preventing tissue damage, maladaptive processes 
may convert it into chronic (2), leading to chronic visceral pain 
(CVP), a condition featured by several maladaptive neural 
changes, one of them being central sensitization (3). The neural 
mechanisms of central sensitization in chronic neuropathic con-
ditions are partially understood (4, 5). For instance, Simis et al. 
showed that patients with pelvic pain had significantly lower 
levels of N-acetylaspartate (NAA) and creatinophosphocreatine 
(Cr), reflecting loss of neuronal integrity in the primary motor 
cortex compared with healthy participants. This evidence also 
highlights the process of maladaptive plasticity in neural circuits 
involved in pain modulation (6). Notwithstanding, there is lim-
ited evidence showing neural correlates of pain-induced central 
sensitization in CVP. In addition, the investigation of cortical 
oscillation patterns by means of electroencephalography (EEG) 
is still at its infancy in patients with CVP.

This paucity of knowledge regarding neural correlates of CVP 
further undermines treatment interventions. CVP is character-
ized by high level of disability and discomfort (7–9) which affect 
patients’ quality of life and represent an important clinical prob-
lem and socioeconomic burden for societies (9–13). The lack of 
effective treatments, in turn, favors the excessive use of opioids 
(and their side effects), potentially leading to abuse (14, 15). 
Therefore, it is essential to develop new therapeutic options for 
CVP. Preliminary studies have shown that transcranial electrical 
stimulation (tES), in particular transcranial direct current stimu-
lation (tDCS), may help managing pain. tDCS, in fact, by influ-
encing neuronal cortical activity (16), has been proven capable 
of inducing clinical improvements in several chronic conditions 
(17, 18), such as fibromyalgia (19), abdominal (20), and refractory 
pelvic (21) pain. Recently, another tES technique, namely, tran-
scranial pulsed current stimulation (tPCS) has gained increasing 
attention in experimental settings (22–24). tPCS, using randomly 
pulsed alternating current within a determined frequency range, 
is thought to reach cortical and subcortical brain regions such 
as the midbrain, pons, thalamus, insula, and the hypothalamus 
(25). Therefore, also tPCS, thanks to its mechanisms of action, 
could represent a promising tool for the treatment of pain, as it is 
potentially able to influence deeper structures involved in chronic 
pain.

In this scenario, we conducted a pilot study with a twofold 
aim: first, we wanted to assess baseline cortical activity of CVP 
patients; results are compared with those obtained by a normative 

sample of neurological healthy participants, published elsewhere 
(26). Second, we sought to assess the effects of two tES interven-
tions, on cortical activity by means of EEG. We also provided 
preliminary data regarding the effects of such intervention on 
clinical pain assessments.

MaTerials anD MeThODs

Participants
The inclusion criteria were as follows: (1) age between 18 and 
65; (2) history of visceral pain for at least 3 months; (3) an aver-
age pain ≥4 in the past 3  months, as measured by the visual 
analog scale (VAS); (4) no history of neurologic or psychiatric 
conditions and no current unstable medical conditions; (5) no 
contraindications to tES; and (6) no current pregnancy. The study 
was approved by the Institutional Review Board of Spaulding 
Rehabilitation Hospital and performed in accordance with the 
Declaration of Helsinki. Healthy subjects’ cohort data have been 
published elsewhere (26).

study Design
We conducted a pilot randomized, double-blind, sham-controlled 
crossover trial. Participants received the following four interven-
tions in a randomized order separated by a minimum of 5 days: 
(1) active tPCS/active tDCS; (2) active tPCS/sham tDCS; (3) 
sham tPCS/active tDCS, and (4) sham tPCS/sham tDCS. Each 
stimulation condition was preceded and followed by EEG and 
clinical assessments.

Transcranial Direct current stimulation
Transcranial direct current stimulation was delivered with the 
anode electrode positioned over the left primary motor cortex 
(M1) and the cathode electrode over the contralateral right supra 
orbital region (Soterix Medical, NY, USA). Stimulation param-
eters were as follows: 20 min at 2 mA, 30-s fade-in and fade-out.

Transcranial Pulsed current stimulation
We used an investigational, custom-made, battery-powered and 
high-frequency tPCS device (Lab 8Tron AG) that delivered a 
quadratic biphasic alternating current using periauricular ear-
clip electrodes. Stimulation parameters for tPCS were as follows: 
20 min of stimulation at a fixed current intensity of 2 mA and 
a random noise frequency of 6–10 Hz [as previously described 
(23)]. For sham conditions (both tDCS and tPCS), stimulation 
parameters were the same, but the device turned off automatically 
after 30 s (27).
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TaBle 1 | Demographical and clinical data of the patients.

iD age/gender Diagnosis race level of education Di (months) Pain medication

1 51/F CP Caucasian College 36 Fentanyla, Oxycodonea

2 24/M CP Caucasian College 5 Oxycodonea, Dilaudida

3* 36/F CP Caucasian College 24 Paracetamol, Ibuprophen
4 33/M CP Caucasian Bachelor 108 Oxycotina, Oxycodonea

5 31/F CP African-American Bachelor 61 Lidocaine, Ibuprophen, Hydromorphonea

6 44/F CP Caucasian College 61 Tapentadola

aOpioids.
*This patient underwent only one visit.
CP, chronic pancreatitis; DI, duration of illness; F, female; ID, patients’ identification number; M, male.
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Quantitative electroencephalography 
(qeeg) recording, analysis of Power  
and interhemispheric coherence
We used a 64-channel, high-density Electrical Geodesic Inco-
rporated EEG device (Electrical Geodesics, OR, USA). EEG was 
recorded for 6 min eyes-closed. Data were sampled at 250 Hz, 
amplified and filtered using a bandpass of 0.1–70 Hz. For offline 
analysis, we used a low-pass filter of 40 Hz and high-pass of 1 Hz, 
followed by manual artifact detection and rejection by a blind 
assessor. Power and coherence were calculated using EEGLab (28) 
and MATLAB (MATLAB R2012a; The MathWorks Inc., Natick, 
MA, USA). Fast Fourier transformation (averaged windows of 5 s 
with 50% overlap) was used to calculate power (μV2) for the EEG 
bands theta (4–8 Hz), alpha (8–13 Hz) and beta (13–30 Hz), and 
the sub-bands low-alpha (8–10 Hz) and high-alpha (10–13 Hz). 
We also determined the alpha/beta power ratio. The signal from 
adjacent electrodes was averaged to represent frontal, central, 
parietal, temporal, and occipital areas.

We calculated interhemispheric coherence for these bands 
and sub-bands using two different electrode pairs: E19–E56 and 
E14–E57, located in the frontotemporal junction and including 
their reciprocal location in the contralateral hemisphere. Welch’s 
averaged modified periodogram method was used to find the esti-
mated coherence of signal x and y, representing each electrode site.

clinical assessments
Visual analog scale for pain, anxiety, depression, stress, and 
sleepiness was collected. Von Frey Hair Assessment (North Coast 
Medical, Inc., Morgan Hill, CA, USA), comprised of monofila-
ments (0.008–300 g) was used to determine subjects’ perception 
threshold. This assessment was performed on the patient’s most 
painful region and over the ipsilateral hand to serve as a control. 
Pressure pain threshold (PPT) was also performed to measure sub-
jects’ pain threshold (Commander Algometer, JTECH Medical,  
UT, USA). PPT was measured over the thenar eminence of both 
hands, namely, both ipsi- and contralateral to the most painful 
body area. For the evaluation of conditioned pain modulation 
(CPM), the same test applied for the PPT (test-stimulus) was 
repeated while the subject’s contralateral hand was immersed in 
cold water for 30 s (conditioned-stimulus).

statistical analyses
To compare neurophysiological and behavioral data of healthy 
controls (HCs) with that of CVP patients, we used baseline data of 

the first visit for each participant. Continuous variables (i.e., age 
and years of education) were compared using a t-test, while gender 
was analyzed using a χ2 test. Regarding EEG, baseline rhythms for 
each frequency band were compared between patients and HC 
(26), using a Mann–Whitney U test.

For patients only, Kruskal–Wallis test was used to evaluate 
the effects of stimulation on power and coherence variables 
(difference between pre- and post-stimulation values) with 
tES (tPCS/tDCS, tPCS, tDCS, and Sham) as independent fixed 
variable. Mann–Whitney tests were applied for post hoc com-
parisons. For each clinical assessment, a Friedman’s ANOVA 
was performed, with tES (tPCS/tDCS, tPCS, tDCS, and Sham) 
as the main factor.

resUlTs

Six patients (2 males and 4 females) were included in the present 
study (see Table 1 for demographic and clinical data) for a total 
of 21 visits completed (5 patients completed the tPCS/tDCS 
session, 5 completed the tPCS session, 6 completed the tDCS 
session, and 5 completed the sham session). One patient drop 
out after the first visit (tDCS session) due to scheduling issues.

Baseline characteristics of Patients 
compared with hc
Chronic visceral pain patients and HC were similar for age 
(t = 0.885; p = 0.432), gender (χ2 = 0.24; p = 0.622), and level 
of education (t = 2.47; p = 0.122). At baseline, CVP patients had 
significantly more power in theta (p < 0.001), alpha (p < 0.0001), 
low-alpha (p < 0.001), and beta (p < 0.001) bandwidths, compared 
with HC. On the other hand, alpha/beta ratio was significantly 
reduced in patients with CVP (p < 0.001) (Table 2).

eeg Power analysis in Patients
tES Effect
There were no differences in the baseline power spectrum in 
the frontal, central, parietal, temporal, or occipital brain regions  
(all ps > 0.05). After tES, there was a significant effect over all 
areas combined (i.e., global) for the theta bandwidth (p < 0.001), 
for the low-alpha (p = 0.016), high-alpha (p = 0.027) bandwidths, 
and for alpha/beta ratio (p < 0.001); see Figure 1. We also found 
a tES effect over the central and the parietal regions for the alpha/
beta ratio (p = 0.037 and p = 0.028, respectively) and over the 
occipital region for the theta bandwidth (p = 0.002). No other 
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FigUre 1 | Differences in absolute power between groups. Mean differences (pre- versus post-intervention) of power for theta and low-alpha bandwidths. The bars 
represent the standard error. * Significant difference between groups.

TaBle 2 | Power spectra.

group Theta (μV2) alpha (μV2) low alpha (μV2) high alpha (μV2) Beta (μV2) ratio α/β

CVP 0.10 ± 0.08* 0.19 ± 0.28* 0.29 ± 0.56* 0.13 ± 0.10 0.016 ± 0.01* 12.83 ± 5.9
HC 0.05 ± 0.08 0.15 ± 0.17 0.19 ± 0.23 0.12 ± 0.19 0.012 ± 0.01 18.6 ± 20.1*

Mean and SD of the baseline power spectrum for the different bandwidths in healthy controls (HC) and patients with chronic visceral pain (CVP).
*Significant difference between HC and CVP.
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effect was significant. Figure 2 represents the different topomaps 
of a representative patient (patient 1).

Post Hoc Analysis
As shown in Figure 1, combined tPCS with tDCS was not dif-
ferent as compared with sham for any of the frequency bands or 
brain regions (all ps > 0.05). In contrast to tDCS, tPCS induced 
significantly higher increase in power, in theta (p < 0.001) and 
low-alpha (p = 0.004) bandwidths, as well as for the alpha/beta 
ratio (p = 0.011) for global. In addition, tPCS induced a signifi-
cantly higher increase in theta power over the occipital region, as 
compared with tDCS (p < 0.001).

Transcranial direct current stimulation induced higher 
reduction in power of theta (p = 0.002) and low-alpha (p = 0.01) 
bandwidths as compared with sham, as well as a reduction of 
alpha/beta ratio (p < 0.001) for global. In addition, tDCS induced 
a reduction of the alpha/beta ratio over the frontal region, but this 
decrease was significantly less important than sham (p = 0.023).

Transcranial pulsed current stimulation induced a decrease in 
power in the high-alpha bandwidth for global (p = 0.033) as com-
pared with sham. Despite a significant group effect for alpha/beta 
ratio over the parietal region, none of the post hoc tests reached 
the significance level.

coherence
No group effect for any bandwidths or brain regions was found 
(all ps > 0.05).

Individual power and coherence data can be found in 
Supplementary Material.

clinical assessments
No differences were found in either depression VAS (χ2 = 3.86; 
p  =  0.27), anxiety VAS (χ2:1.5, p  =  0.68), stress VAS (χ2:4.87, 
p  =  0.18), sleepiness VAS (χ2  =  55.7, p  =  0.12), or pain VAS 
(χ2 = 5.87, p = 0.12). No significant effect was found for Von Frey 
assessment over the painful- (χ2 = 6.6, p = 0.08), nor over the 
non-painful (thenar) region (χ2 = 2.6, p = 0.46) region.

Similarly, no significant differences were found for PPT 
(χ2 = 0.4; p = 0.94) or CPM (χ2 = 3.5; p = 0.32).

Individual clinical data can be found in Supplementary 
Material.

DiscUssiOn

The present study yielded interesting findings: (1) patients with 
CVP display abnormal neural activity compared with healthy 
controls, as indexed by qEEG; (2) EEG captured cortical changes 
following tES, similar to what was observed in healthy controls, 
while no clinical improvement was noticed; (3) combining tDCS 
with tPCS does not induce specific changes in neural activity;  
(4) tDCS and tPCS have different neural signature.

So far, only few studies have investigated the neurophysiological 
patterns of patients with CVP. For instance, EEG measures in 
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FigUre 2 | Topoplots showing the topographic distribution of the different bandwidths for a representative individual before and after each intervention. Red areas 
represent higher activity, while blue areas represent lower activity.
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patients with chronic pancreatitis show an increase in power in 
the theta and alpha frequency bands as well (29). Present find-
ings substantiate this altered cortical activity in patients with 
CVP. Our results, in fact, show an increased power in different 
frequencies bands (i.e., theta, low alpha, and beta) and a decrease 
in low versus high frequencies ratio, as compared with healthy 
participants (26). Therefore, this feature seems to represent a 
reproducible pattern in patients with chronic pain, as pointed out 
by a recent systematic review (30).

Baseline cortical activity could serve as a biomarker for treat-
ment effects and as a predictor of response when using tES and 
other neuromodulatory techniques. As seen in patients with spinal 
cord injury and chronic pain, increased theta power at baseline 
was associated with greater response to analgesic treatment; in 
this case, hypnosis (31). We also noticed that the alpha/beta 
ratio was significantly reduced in patients with CVP, compared 
with healthy participants (26). Even though our sample size is 
small to define a neurophysiological biomarker that serves as a 
predictor of response to tES, EEG may represent a valuable tool 
for this purpose in chronic pain (29, 32, 33). For instance, it has 
been shown that peak alpha frequency may represent valuable 
biomarker for chronic pain, as this measure is not only greatly 
decreased in patients, compared with healthy participants, but it 
is also correlated with the duration of pain (29). In this context, 
this pilot study provides the initial data to support further stud-
ies investigating changes in brain oscillations and maladaptive 
plasticity in patients with CVP.

An important mechanism that deserves further investigation 
in the context of these results is the interaction between pain, 
immune system and electrical stimulation. It has been discussed 
before that pain may trigger also immune mechanisms in a 
two-way brain response to injury (34) and electrical stimulation 
may modulate this interaction (35). This relationship between 
immune system and pain may also be used to find useful bio-
markers and responders. For instance, the relationship between 
gene expression and pain has been demonstrated in mice (36). 
Specifically, it has been shown that cholecystokinin is implicated 
in the modulation of pain sensitivity and the development of 
neuropathic pain in mice and, more interestingly, when the 
cholecystokinin receptor gene is removed, the pain sensitivity is 
reduced and the development of hyperalgesia is abolished (37). 
In this context, a combination of electrophysiology and immune 
system gene expression study could open new doors and new 
treatments options in the field of chronic pain.

While no changes were observed clinically, neurophysi-
ologically, the combination of tDCS with tPCS did not lead to 
any changes in brain activity, while the application of the two 
techniques separately induced different cortical modifications, as 
already demonstrated (23, 24, 38, 39). Therefore, it is becoming 
increasingly apparent that the effects of tDCS and tPCS are not 
mediated by the same neurophysiological mechanisms (40).  
By reaching deeper structures, it seems feasible that tPCS could 
stimulate bottom–up connectivity trough thalamo-cortical cir-
cuits (40). On the other hand, tDCS seems to target a top–down 
cortico-thalamic pathway (41) and increases cortical excit-
ability under the stimulating electrodes and associated cortical 
networks (38). It is possible that tPCS and tDCS, when applied 

simultaneously, would eliminate their respective effects on brain 
activity. This important result underscores the need of careful 
consideration before associating different tES techniques.

Considering each technique individually, tPCS has shown 
promising and reproducible results as a neuromodulatory tool 
given the reported effects on coherence and power (22, 23, 40). 
In particular, in healthy volunteers, 6–10  Hz tPCS seems to 
modulate brain oscillation within the spectrum contained in 
these frequencies (i.e., high theta and low alpha). While for tDCS, 
an increased power has been observed in the high beta bandwidth 
over temporal and parietal regions, as compared with sham.

Our results showed that tPCS induced a higher increase in 
power within these two specific frequency bands compared with 
tDCS. We also identified a decrease in power for high-alpha 
bandwidth after tPCS and a decrease in power for theta and 
low-alpha bandwidths after tDCS, as compared with sham. This 
reduction in EEG power may represent a cortical modulation 
reducing a putative pathological over-excitability in patients suf-
fering from chronic forms of pain. In fact, baseline EEG power of 
the main frequency bands is increased in CVP as compared with 
HC, suggesting a pathological over-activity in patients, especially 
over the sensorimotor cortex (i.e., central region). Therefore, the 
decrease here found can be interpreted as a normalization of the 
cortical oscillations, leading to a pattern more similar to healthy 
conditions.

No clinical changes were observed after tDCS, tPCS, or both 
interventions combined. Evidence shows that repeated tES ses-
sions, and tDCS in particular, are required to induce long-lasting 
and significant clinical effects in psychiatric (42), motor (43), and 
pain conditions (44). Particularly, a significant decrease in chronic 
abdominal pain was registered after 5 days of anodal tDCS over 
the left motor cortex and persisted 1 week later (20). Similarly, 
a modest reduction of pain was reported by a small group of 
patients after two tDCS sessions (21). Moreover, a mean pain 
response of 58% compared with sham was registered after 5 days 
of anodal stimulation of the left motor cortex in neuropathic 
pain (45). It is hypothesized that recurring stimulation sessions 
are needed to produce perceptible and lasting clinical effects due 
to mechanisms resembling long-term potentiation (LTP) and 
long-term depression (LTD). Therefore, it is quite possible that 
a single-stimulation session was not sufficient to induce clinical 
effects in this experiment. Furthermore, the EEG montage and 
recording, often taking up to 20  min, was performed after the 
end of the stimulation. This represents a gap between the end of 
stimulation and clinical assessments, potentially allowing for any 
measurable effect to fade out by the time of collection.

Present findings, although preliminary, appear promising 
regarding the potentiality of tES techniques in modulating patho-
logical cortical activity in CVP. Notwithstanding, they should be 
considered cautiously. When studying patients suffering from 
chronic pain, the effect of medications on spontaneous brain 
oscillations should be considered. In the present study, all patients 
but one were under one or more opioids drugs (see Table  1). 
Opioid-induced slowing of the EEG has been demonstrated 
with different morphine derivatives such as fentanyl (46) and 
oxycodone (47) under controlled infusions, while tramadol an 
opioid-like agent favors fast EEG power spectrum responses (48),  
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including spikes generation. Still, prolonged use of oral or topic 
administration of these agents might induce modulation of 
spontaneous brain activity measured on scalp EEG, especially, 
shifting the background rhythm toward the low frequencies of 
the spectrum. For the results presented here, medication can be 
considered a confounding or interacting variable which deserves 
better control in future studies. However, as every patient received 
the four conditions (except for one), we can consider that pain 
medication influenced brain activity identically for the four types 
of tES.

Regarding the sham intervention, an important placebo 
component was identified (i.e., increase in theta and alpha and 
a decrease in beta bandwidths following the sham intervention). 
This could be interpreted in two different ways: (1) the observed 
increase in theta and alpha power and decrease in high-frequency 
bands could be related to relaxation. A similar pattern has been 
observed, for instance, under meditation (49–51). Here, active 
tES could enhance patients’ attention and therefore does not 
lead to an increase in drowsiness related rhythms. Therefore, 
the observed modification after the sham stimulation could be 
due to the other active conditions that blocked the occurrence of 
these modifications. (2) In this population of patients, the placebo 
effect and expectations are important components to take into 
account placebo effect and is often observed in patients with 
chronic pain (52) and also after electrical stimulation (53). This 
placebo effect could also partially explain our findings following 
the sham stimulation. Another important limitation to consider 
is that this study was a pilot exploratory study, and thus the lack 
of significant results in some of the analyses may simply indicate 
lack of power for that analysis. The goal was to inform feasibility 
and also provide effect estimates and discuss preliminary findings 
to design further studies.

conclusion and Future Directions
With respect to tES techniques, our preliminary data suggest 
that the combination of tDCS with tPCS, applied simultane-
ously, does not lead to improvements in cortical oscillations, 
similarly to what has been observed in healthy population (26). 
We also highlighted that tDCS and tPCS influence brain activity 
differently, and therefore may be underlined by different neural 
mechanisms as previously shown (26, 40). While there are a 
limited amount of data on the neurophysiological reorganization 
in patients with CVP, our results could help designing future trials 
using tES as an intervention and neurophysiological assessment 
to evaluate its effects. EEG could represent a suitable biomarker 
to characterize neural states of chronic pain and to capture the 

immediate effects of tES (single or short-term protocol). In this 
scenario, EEG could further be used as a predictor of response 
(i.e., to differentiate treatment responders from non-responders 
based on their neural signature), and to better understand the 
neurophysiological mechanisms of tES on pain relief. The combi-
nation of clinical assessments and EEG may become a useful tool 
to tailor customized treatment options and improve the efficacy 
of tES in alleviating pain.
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Chemotherapy-induced neuropathic pain is a significant side effect of chemotherapeutic
agents and is the most common reason for stopping chemotherapy. The aim of the
present study was to find the major site and mechanisms of action by which rolipram, a
selective phosphodiesterase-4 inhibitor, alleviates paclitaxel-induced neuropathic pain.
Chemotherapy-induced neuropathic pain was induced in adult male Sprague-Dawley
rats by intraperitoneal injection of paclitaxel on four alternate days. Rolipram was
administered systemically or locally into the lumbar spinal cord, L5 dorsal root ganglion,
sciatic nerve, or skin nerve terminal. The mechanical threshold, the protein level of
several inflammatory cytokines, and the cellular locations of phosphodiesterase-4 and
interleukin-1β in the dorsal root ganglion were measured by using behavioral testing,
Western blotting, and immunohistochemistry, respectively. The local administration
(0.03-mg) of rolipram in the L5 dorsal root ganglion ameliorated paclitaxel-induced
pain behavior more effectively than did local administration in the other sites. Paclitaxel
significantly increased the expression of inflammatory cytokines including tumor necrosis
factor-α (2.2 times) and interleukin-1β (2.7 times) in the lumbar dorsal root ganglion, and
rolipram significantly decreased it. In addition, phosphodiesterase-4 and interleukin-1β

were expressed in the dorsal root ganglion neurons and satellite cells and paclitaxel
significantly increased the intensity of interleukin-1β (2 times) and rolipram significantly
decreased it. These results suggest that the major site of action of rolipram on
paclitaxel-induced neuropathic pain in rats was the dorsal root ganglion. Rolipram
decreased the expression of inflammatory cytokines in the dorsal root ganglion. Thus,
phosphodiesterase-4 inhibitors may ameliorate chemotherapy-induced neuropathic
pain by decreasing expression of inflammatory cytokines in the dorsal root ganglion.
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INTRODUCTION

Many chemotherapy drugs, including taxanes (paclitaxel,
docetaxel), platinum-based agents (cisplatin, carboplatin,
oxaliplatin), vinca alkaloids (vincristine, vinblastine, vindesine,
vinorelbine), bortezomib, thalidomide, lenalidomide, suramin,
and epothilones, produce a syndrome called chemotherapy-
induced neuropathic pain, whose symptoms include ongoing
burning pain, tingling, and numbness in the glove and stocking
areas of the hands and legs (Massey et al., 2014; Kim et al.,
2015b). Additionally, chemotherapy-induced neuropathic pain
usually begin after multiple doses of chemotherapeutic agents
and persists as a long-lasting sequela after cancer treatment is
completed (Massey et al., 2014). Neuropathic pain is a dose-
limiting side effect and is difficult to treat with widely used
analgesic drugs such as non-steroidal anti-inflammatory drugs,
antidepressants, and anticonvulsants (Massey et al., 2014).

Rolipram is a selective phosphodiesterase (PDE)-4 inhibitor
(Kim et al., 2015a). The phosphodiesterases are a group of
enzymes that degrade the phosphodiester bond of secondary
messengers such as cyclic adenosine monophosphate (cAMP)
and cyclic guanosine monophosphate and then terminate their
own action.(Houslay and Adams, 2003) PDE4, which is mainly
found in nerve cells and immune cells, hydrolyzes only cAMP
(Houslay and Adams, 2003). Therefore, by inhibiting PDE4,
rolipram increases the amount of cAMP in nerve cells and
immune cells. cAMP is a ubiquitous secondary messenger that
controls many cellular processes (Raker et al., 2016). In particular,
increased levels of cAMP inhibit proinflammatory processes such
as chemotaxis, degradation, and phagocytosis (Ottonello et al.,
1995; Rossi et al., 1998; Pryzwansky and Madden, 2003; Pearse
et al., 2004). In detail, increased cAMP inhibits migration of
monocytes, adhesion molecule expression on leukocytes, and
chemokine-induced chemotaxis (Harvath et al., 1991; Derian
et al., 1995; Rossi et al., 1998; Aronoff et al., 2005). Thus, rolipram
inhibits inflammation in both nerve cells and immune cells
through increasing cAMP levels.

Previously, we reported that systemic injection and systemic
infusion of rolipram ameliorated chemotherapy-induced
neuropathic pain in rats (Kim et al., 2015a). However, the
major anatomical sites and mechanisms of action of rolipram
in chemotherapy-induced neuropathic pain have not yet
been reported. Therefore, the aims of the present study were
to determine (1) the major site or sites at which rolipram
acts to ameliorate paclitaxel-induced neuropathic pain, (2)
the mechanisms of action of rolipram on paclitaxel-induced
neuropathic pain in rats, and (3) a better understanding of how
PDE4 inhibition works to alleviate neuropathic pain will help
to identify potential drug targets for chemotherapy-induced
neuropathic pain.

MATERIALS AND METHODS

Experimental Animals
All experimental protocols were approved by the Institutional
Animal Care and Use Committee of The University of Texas MD

Anderson Cancer Center (Houston, TX, United States) and were
carried out in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. We used adult
male Sprague-Dawley rats (200–350 g; Harlan, United States)
in this study. The rats were housed in groups of two or three
in plastic cages with soft bedding and free access to food and
water under a normal 12/12-h light-dark cycle, a temperature of
22 ± 2◦C, and 40–55% humidity. All animals were acclimated in
their cages for 1 week before the experiments.

Paclitaxel-Induced Neuropathic Pain
Model
To induce neuropathic pain in the rats, paclitaxel (GenDEPOT,
United States) was dissolved in 4% dimethyl sulfoxide (DMSO)
and 4% Tween 80 in sterile saline (2 mg/ml) just prior to
injection. Paclitaxel (2 mg/kg/ml) was injected intraperitoneally
on four alternate days (days 0, 2, 4, and 6; cumulative dose of
8 mg/kg) to induce painful peripheral neuropathy (Kim et al.,
2010, 2016a). In a vehicle group of rats, vehicle (4% DMSO and
4% Tween 80 in saline, 1 ml/kg) was injected intraperitoneally
on four alternate days. Mechanical hyperalgesia was measured as
described below before the first paclitaxel injection and at various
time points after injection.

Behavioral Tests for Mechanical
Hyperalgesia
All behavioral tests were conducted by the same blinded
experimenter. To measure mechanical hyperalgesia, a calibrated
set of von Frey filaments (Bioseb, United States/Canada) was used
to measure foot withdrawal thresholds in response to mechanical
stimuli. Briefly, the animals were placed in a plastic chamber on
top of a mesh screen and the mechanical threshold of the hind
paw was determined by the up–down method using von Frey
filaments (0.45 – 14.45 g). A von Frey filament was applied to
the most sensitive areas (the center of the paw or the base of the
third or fourth toes) of the plantar surface of the left hind paw
for 3–4 s (Chaplan et al., 1994). An abrupt withdrawal of the
foot during stimulation or immediately after stimulus removal
was considered to be a positive response. Withdrawal thresholds
were determined using the up–down method (Dixon, 1980). The
50% threshold value was calculated from the pattern using the
formula: 50% threshold = 10(X+kd)/104, where X is the value of
the final von Frey filament used in log units, k is the tabular value
for the pattern of positive/negative responses, and d (0.22) is the
mean difference between stimuli in log units. The investigator
who conducted the behavioral tests did not know which animal
received rolipram and which did not until the end of the study.

Sedation Test
To determine whether local injection of rolipram induced
sedation, the rats’ posture and righting reflexes were evaluated
immediately after all behavioral tests. Posture was rated on a
0-to-4 scale where 0 indicated normal posture and 4 indicated
flaccid atonia. Righting reflexes were rated on a 0-to-4 scale where
0 indicated struggle and 4 indicated no movement (Devor and
Zalkind, 2001; Kim et al., 2004, 2016a).
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Catheter Implantation in the Left L5
Dorsal Root Ganglion
Catheters were implanted in the left L5 dorsal root ganglion
(DRG) of the rats according to the Lyu method, with slight
modification (Lyu et al., 2000). The rats were anesthetized
using isoflurane (4% for induction, 3% for maintenance) in
oxygen, and the hair was clipped from their backs. A midline
incision was made at the L4–L6 spinal level, and the left L5
spinal nerve tracking through the intervertebral foramen was
identified after separation of the left paraspinal muscles from the
vertebrae. The left L4 vertebral foramen was cleaned by careful
removal of connective tissues, and a small hole was made with
a curved micro-pin on the top in the foramen. A 5-mm length
of polyethylene tubing (PE-10, total 7 cm) was inserted into the
small hole made by the micro-pin and placed near the L5 DRG;
the tubing was secured to the muscles at multiple sites and fed
subcutaneously to the mid-thoracic level in order to expose the
tip at the dorsal midline position. The tip of the tubing was sealed
with a needle blocker. The PE-10 tubing was covered with PE-
60 tubing for protection, and the incision was closed. The rats
were returned to their cages after they had recovered fully from
the anesthesia. One week after catheterization, a test compound
solution was injected. A 27-gauge needle attached to a 20-µl
Hamilton syringe was inserted into the implanted tubing, and
a 10-µl volume of test solution was injected slowly for about
10 s. The tubing was then flushed with 0.1 ml of saline from a
Hamilton syringe. Behavioral tests were conducted before and
at the following time points after injection: 0.5, 1, 1.5, 2, 3, 4, 5,
and 6 h. After the experiment, the position of the catheter tip was
confirmed by injecting 1% trypan blue into the catheter.

Identification of Major Sites of Action of
Rolipram
Rolipram was administered locally to various sites including the
skin nerve terminal, sciatic nerve, L5 DRG, or spinal cord on day
20 after the first injection of paclitaxel, when paclitaxel-induced
neuropathic pain behavior was fully developed. Twelve rats were
divided into two groups (control and rolipram) for each site.

Nerve Terminal in Skin
The rats received a single injection of 0.03 mg rolipram (Sigma
Chemical Company, United States) or of vehicle (0.6% DMSO
in olive oil; 50 µl/injection) into a nerve terminal in the plantar
surface of the left hind paw (Table 1). Behavioral tests were
conducted before rolipram injection (baseline) and repeated at
0.5, 1, 1.5, 2, and 3 h after injection.

Sciatic Nerve
The rats were placed under light anesthesia using isoflurane
(3% for induction and 1.5% for maintenance). The rats received
a single local injection of rolipram (0.03 mg) or of vehicle
(3% DMSO in olive oil; 10 µl/injection) 1 mm proximal to the
trifurcation of the sciatic nerve of the left hind paw via a 27-gauge
needle with a Hamilton syringe (Table 1). Behavioral tests were
conducted before rolipram injection (baseline) and repeated at
0.5, 1, 1.5, 2, and 3 h after injection.

TABLE 1 | Local administration of rolipram.

Site Rolipram dose N Vehicle

L5 DRG 0.01 mg/10 µl 6 3% DMSO in

0.03 mg/10 µl 6 olive oil

Sciatic nerve 0.01 mg/10 µl 6 3% DMSO in

0.03 mg/10 µl 6 olive oil

Spinal cord by direct
intrathecal injection

0.01 mg/50 µl 6 0.6% DMSO in

0.03 mg/50 µl 6 olive oil

Nerve terminal in skin 0.01 mg/50 µl 6 0.6% DMSO in

0.03 mg/50 µl 6 olive oil

L5 DRG
Each rat received a single local injection of rolipram (0.01,
0.03 mg) or of vehicle (3% DMSO in olive oil; 10 µl/injection)
into the left L5 DRG through the implanted PE-10 tubing
(Table 1). Behavioral tests were conducted before rolipram
injection (baseline) and repeated at 0.5, 1, 1.5, 2, and 3 h after
injection.

Spinal Cord by Direct Intrathecal Injection
Each rat received a single local injection of rolipram (0.03 mg)
or of vehicle (0.6% DMSO in olive oil; 50 µl/injection) into the
lumbar spinal cord via direct lumbar puncture (Table 1). The rats
were placed under light isoflurane anesthesia (3% for induction
and 1.5% for maintenance). A direct lumbar puncture was made
by inserting a 27-gauge needle connected to a Hamilton syringe
between the L5 and L6 vertebrae. When the needle insulted the
matter of the spinal cord, the tail showed abrupt movement.
Behavioral tests were conducted before injection (baseline) and
repeated at 0.5, 1, 1.5, 2, and 3 h after injection.

Local Administration of Dibutyryl-cAMP (db-cAMP) in
the L5 DRG
To find analgesic effects of c-AMP, db-cAMP, a cAMP analog,
was locally administered in the left L5 DRG. On day 20 after
paclitaxel administration, 12 rats were divided into two groups
(control and db-cAMP). Each rat received a single local injection
of db-cAMP (0.05 mg) or of vehicle (saline; 10 µl/injection) into
the left L5 DRG through the implanted PE-10 tubing. Behavioral
tests were conducted before db-cAMP injection (baseline) and
repeated at 1, 2, 3, 4, 5, and 6 h after injection.

Western Blot Analysis
To examine the levels of inflammatory cytokines in the DRG of
rats, paclitaxel or vehicle was intraperitoneally injected on days 0,
2, 4, and 6 as described above. The L1–L6 DRGs were removed
on day 20 after the first injection of paclitaxel or vehicle. For
Western blotting, the lumbar DRGs were removed 1 h after the
intraperitoneal injection of rolipram on day 20 because rolipram
showed significant analgesic effects at 1 h in a previous report
(Kim et al., 2015a). The rats were anesthetized deeply with
4% isoflurane and perfused with cold saline. The L1–L6 DRGs
were removed and frozen immediately in liquid nitrogen (Kim
et al., 2016a). The DRGs were homogenized in RIPA cell lysis
buffer with a protease inhibitor (GenDEPOT, United States),
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and the homogenates were centrifuged at 14,000 rpm at 4◦C.
The supernatants were then loaded on 10% sodium dodecyl
sulfate-polyacrylamide gels and transferred to polyvinylidene
fluoride membranes. The blots were incubated with a primary
antibody against interleukin (IL)-1β (1:1000; 17 KDa; Santa
Cruz Biotechnology, United States), tumor necrosis factor alpha
(TNF-α; 1:1000; 26 KDa; Abcam, United States), phosphorylated
nuclear factor kappa B (NF-κB) (p-NFκB; 1:1000; 65 KDa;
Cell Signaling Technology, United States), or GAPDH (1:1000;
37 KDa; Santa Cruz Biotechnology) overnight at 4◦C. The blots
were then incubated with anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:5000; GenDEPOT) or anti-
goat horseradish peroxidase-conjugated secondary antibody
(1:5000; GenDEPOT) at room temperature for 1 h. The
immunoblots were analyzed with a chemiluminescence detection
system (GenDEPOT, United States). The blots were scanned
using SPOT Advanced imaging software (version 5.0, A division
of Diagnostic Instruments, Inc, United States) and Adobe
Photoshop 8.0 (Adobe Inc., United States). For equalizing protein
loading, GAPDH expression was used as a control. The band
densities were quantified using Image J software (National
Institutes of Health, United States). A region of the band was
taken, and then the background was subtracted. The expression
of a protein was quantified as the ratio of the expression level of
that protein to the expression level of GAPDH in the same lane.
Relative expression values were calculated by dividing the average
expression level of a protein in the paclitaxel- or rolipram-treated
group by the average expression level of the same protein in the
vehicle-treated group.

Immunohistochemical Analyses
To determine the localization of PDE4 and IL-1β in DRGs, the
L5 DRGs were removed on day 20 after the first paclitaxel or
vehicle injection. The L5 DRGs were removed 1 h after the
intraperitoneal injection of rolipram (3 mg/kg) on day 20 for
immunohistochemical experiments (Kim et al., 2015a).

For extraction of tissue for immunohistochemical analyses,
the rats were deeply anesthetized with 4% isoflurane and
transcardially perfused with cold saline followed by cold 4%
paraformaldehyde (Kim et al., 2016b). The left and right
L5 DRGs were removed, post-fixed, cryoprotected in 30%
sucrose, cryosectioned to a thickness of 9 µm, and mounted
on slides. The sections were incubated with combinations of
the primary antibodies overnight at 4◦C and then incubated
with secondary antibodies conjugated with either Alexa Fluor
568 (red) or Alexa Fluor 488 (green) for 2 h at room
temperature. The primary antibodies and concentrations used
were the neuronal marker anti-NeuN (monoclonal anti-mouse,
1:50; GenDEPOT), anti-PDE4 (polyclonal anti-rabbit, 1:50; Santa
Cruz Biotechnology), the satellite cell marker anti-glial fibrillary
acidic protein (GFAP; polyclonal anti-mouse, 1:50; Santa Cruz
Biotechnology), and anti-IL-1β (polyclonal anti-rabbit, 1:50;
Santa Cruz Biotechnology). In addition, ProLong Diamond
antifade mountant (Thermo Fisher Scientific, United States)
was applied to the sections with or without the nuclear
and chromosome marker 4′,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific, United States) for 1 day at room

temperature. The sections were coverslipped and stored at−20◦C
until imaging.

The immunostained DRG sections were viewed using a
CELENA R© S digital cell imaging system (Logos Biosystems,
United States). For analysis of PDE4 and IL-1β co-localization
with NeuN, GFAP, and DAPI, DRG sections from three rats were
double-stained.

For IL-1β quantification, 3 DRG sections were selected per rat
and 4 fields of view per section were selected by an experimenter
under blind condition. Images were obtained using CELENA R©

S digital microscope with X20 objective. For each section, IL-1β

intensity was analyzed using Image J software.

Statistical Analysis
Data were summarized as means with standard errors of the
means for the behavioral tests and as means with standard
deviations for Western blotting. To compare the results of
behavioral tests, we used one-way ANOVA with one repeated
factor (time) followed by Dunnett’s multiple comparison test
or two-way ANOVA with one repeated factor (time) followed
by Sidak’s multiple comparison test. To compare results of
Western blotting and Immunohistochemistry, we used the
Mann-Whitney U test. In all analyses, P < 0.05 was considered
statistically significant. The study design used parallel groups and
investigator blinding. The data were analyzed using GraphPad
Prism 6 (GraphPad Software, United States).

RESULTS

Sedation
All rats had scores of 0 on measures of posture and righting
reflexes after local injections of rolipram, indicating that local
injection of rolipram did not produce sedation. These data
suggest that any increase in the mechanical threshold observed
in rolipram-treated rats was indeed the result of their analgesic
effect and not sedation.

Major Site of Action of Rolipram in
Paclitaxel-Induced Neuropathic Pain
To determine the major site of action of rolipram, we
administered it locally into the left L5 DRG, the left sciatic nerve,
the lumbar spinal cord, and the plantar skin of the left hind paw
in dose of 0.03 mg. This amount was selected on the basis of the
intraperitoneal dose used (3 mg/kg) and of preliminary studies.
In a previous report, injection of 3 mg/kg of rolipram increased
the mechanical threshold from 0.8 g to 16.3 g, 15.7 g and 11.1 g at
0.5, 1, and 1.5 h after injection, respectively (Kim et al., 2015a).
Local administration of rolipram in the L5 DRG significantly
increased the mechanical withdrawal threshold compared to
the baseline in a dose-dependent manner (Figures 1A,B).
A 0.03-mg dose of rolipram in the L5 DRG significantly increased
the mechanical withdrawal threshold over the baseline level at
0.5, 1, and 1.5 h, with a return to baseline at 2 h after injection
(Figure 1A). Local administration of 0.03 mg of rolipram into the
sciatic nerve or lumbar spinal cord also significantly increased the
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FIGURE 1 | Comparison of the analgesic effect of local administration of
rolipram (ROL) to the L5 DRG, spinal cord, sciatic nerve, and skin nerve
terminal on established paclitaxel-induced neuropathic pain in rats. Paclitaxel
(PAC, 2 mg/kg) was injected intraperitoneally in rats on four alternate days
(days 0, 2, 4, and 6). Subsequently, the mechanical pain thresholds were
significantly reduced. (A) [Analgesic effect of rolipram administered locally at
four sites.] After the pain behavior was fully developed (20 days), 0.03 mg of
rolipram was locally administered at four different sites. Local administration of
rolipram at the L5 DRG significantly increased the mechanical pain threshold
at 0.5, 1, and 1.5 h after administration. Vehicle was locally administered in
the L5 DRG. Asterisks (∗) indicate significant differences (P < 0.05) from
baseline as determined using a one-way ANOVA with one repeated factor
followed by Dunnett’s multiple comparison test. (B) [Effect of local
administration of rolipram in the L5 DRG] On the 20th post-paclitaxel injection
day, the rats were divided into three groups (Vehicle, ROL 0.01, and ROL
0.03). Rats were administered vehicle (3% DMSO in olive oil, 10 µl), 0.01 mg
of rolipram, or 0.03 mg of rolipram (indicated by the upward arrowhead),
respectively. Administration of 0.03 mg of rolipram significantly increased the
mechanical threshold at 0.5, 1, and 1.5 h. Asterisks (∗) indicate significant
differences (P < 0.05) from vehicle group as determined using a two-way
ANOVA with one repeated factor (time) followed by Sidak’s multiple
comparison test. (C) [Effect of local administration of db-cAMP in the L5 DRG]
On the 20th post-paclitaxel injection day, the rats were divided into two
groups (Saline, db-cAMP). Rats in each group were administered saline or
0.05 mg of dibutyryl cAMP (db-cAMP, indicated by the upward arrowhead),
respectively, in the L5 DRG. Administration of 0.05 mg of db-cAMP
significantly increased the mechanical threshold at 2, 3, 4, and 5 h. Data are
expressed as mean ± SEM. Asterisks (∗) indicate significant differences
(P < 0.05) from saline group as determined using a two-way ANOVA with one
repeated factor (time) followed by Sidak’s multiple comparison test.

mechanical withdrawal threshold at 0.5 h (Figure 1A). However,
local administration of rolipram into the plantar skin nerve
terminal had no significant effect on the mechanical threshold
(Figure 1A). These data indicate that the L5 DRG was a major
site of action for rolipram in paclitaxel-induced neuropathic pain
in rats.

Analgesic Effects of db-cAMP in the L5
DRG on Paclitaxel-Induced Neuropathic
Pain
Local administration of 0.05 mg of db-cAMP in the left L5 DRG
significantly increased the mechanical threshold at 2, 3, 4, and 5 h
after injection, with a return to baseline at 6 h (Figure 1C). These
data indicate that the increase of intracellular cAMP in the DRG
produced analgesic effects on paclitaxel-induced neuropathic
pain.

Effects of Paclitaxel and Rolipram on
Inflammatory Markers in the DRG
Paclitaxel administration significantly increased the levels
of p-NFκB (3.6 times), TNF-α (2.2 times), and IL-1β (2.7
times) in the lumbar DRGs over levels in the vehicle control
groups (Figures 2A–D). Subsequent rolipram administration
significantly decreased the paclitaxel-increased p-NFκB,
TNF-α, and IL-1β levels in the DRGs (Figures 2A–D). These
results indicate that paclitaxel raised the levels of inflammatory
markers in the DRGs and rolipram subsequently decreased them.

Co-localization of PDE4 and IL-1β in
Neurons and Satellite Cells in DRGs
PDE4 was expressed in the L5 DRGs of both vehicle- and
paclitaxel-treated rats (Figures 3A,B). The intensity of PDE4
staining did not markedly differ in the L5 DRG cells of paclitaxel-
treated, vehicle-treated, and rolipram-injected paclitaxel-treated
rats (Figures 3A–C). PDE4 was expressed in small (<30 µm
in diameter), medium (30–45 µm), and large (>45 µm)
neurons (Scroggs and Fox, 1992). Immunohistochemical staining
demonstrated that PDE4 was expressed in small-, medium-, and
large-size neurons in the L5 DRG (Figures 3D,F). Satellite cells
surrounding NeuN-positive neurons were detected with DAPI
staining (Figures 3E,F). PDE4 was expressed in both NeuN-
positive neurons and DAPI-positive satellite cells in the DRG of
paclitaxel-treated rats (Figure 3F).

The Intensity of IL-1β in the DRG Tissues
IL-1β was expressed in the L5 DRG in both vehicle- and
paclitaxel-treated rats (Figures 4A,B). The intensity of
IL-1β staining was significantly higher in the L5 DRG cells
of paclitaxel-treated rats than in the DRG cells of vehicle-treated
rats (Figures 4A,B,F). IL-1β was expressed in neurons and
satellite cells in the L5 DRG (Figures 4D,E). Furthermore,
treatment with rolipram significantly decreased the intensity of
IL-1β staining in the DRG cells (Figures 4B,C,F). These results
demonstrate that PDE4 and IL-1β were colocalized in both
neurons and satellite cells in DRG cells and rolipram deceased
the intensity of IL-1β in the DRG cells.
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FIGURE 2 | Paclitaxel increased levels of p-NFκB, TNF-α, and IL-1β in rat DRGs. (A) Western blot showing the expression of p-NFκB, TNF-α, and IL-1β in DRGs
after an injection of vehicle (VEH, N = 3) or paclitaxel (PAC, N = 3) on day 20 after the first paclitaxel injection. Rolipram (PAC+ROL, 3 mg/kg, N = 3) was
intraperitoneally injected on day 20 after the first injection of paclitaxel, and the L1–L6 DRGs were obtained 1 h after the injection. (B–D) Quantification of p-NFκB,
TNF-α, and IL-1β in the DRGs. Paclitaxel increased the levels of p-NFκB, TNF-α, and IL-1β in rat DRGs, and subsequent treatment with rolipram decreased them.
The data are expressed as means ± standard deviations for three rats. The asterisks indicate values that are significantly different (P < 0.05) from the values for the
vehicle group as determined by the Mann–Whitney U test.

DISCUSSION

This study investigated the major sites and mechanisms of
rolipram’s analgesic effects in a rat model of paclitaxel-induced
neuropathic pain. Local administration of rolipram to the L5
DRG significantly increased the mechanical withdrawal threshold
in rats with paclitaxel-induced neuropathic pain for 1.5 h,
indicating that the L5 DRG was a major site of action for rolipram
in paclitaxel-induced neuropathic pain in rats. Similarly, local
administration of db-cAMP to the L5 DRG also significantly
increased the mechanical thresholds. Paclitaxel administration
significantly increased the levels of the proinflammatory proteins
p-NFκB, TNF-α, and IL-1β in the DRG, and rolipram treatment
decreased them. These findings indicate that rolipram decreased
inflammatory cytokines in the DRGs. We further demonstrated
that PDE4 and IL-1β were co-localized in both neurons and
satellite cells in the DRG. Taken together, our results suggest that
the DRG is a major site of action for rolipram and that rolipram
works to reverse chemotherapy-induced neuropathic pain in part
by inhibiting inflammatory cytokines.

We previously reported that rolipram had a potent analgesic
effect when administered systemically and that systemic rolipram
treatment delayed the development of paclitaxel-induced
neuropathic pain in rats (Kim et al., 2015a). In the present
study, we identified the major site of action of rolipram in

chemotherapy-induced neuropathic pain in rats by administering
the drug locally at several sites. Local administration of rolipram
in the L5 DRG produced the strongest analgesic effects
among the sites tested, suggesting that the DRG is a major site of
rolipram’s anti-neuropathic pain activity. The DRG contains both
pseudounipolar neurons that convey sensory information from
the periphery to the spinal cord and satellite cells that surround
neuronal bodies (Sapunar et al., 2012). Furthermore, the DRG
is located outside of the blood-brain barrier that protects the
spinal cord and brain (Sapunar et al., 2012). Therefore, the DRG
is vulnerable to the effects of chemotherapeutic drugs such as
paclitaxel, cisplatin, vincristine, and bortezomib. These drugs
induce neuropathic pain in cancer patients through marked
functional impairment of both Aβ and Aδ nerves (Dougherty
et al., 2004). In the DRG, chemotherapeutic drugs increase
levels of inflammatory cytokines and reactive oxygen species,
which contribute to the development and maintenance of
chemotherapy-induced neuropathic pain (Cata et al., 2008;
Kim et al., 2010, 2016b). Recently, immunoregulatory drugs
such as thalidomide and minocycline were shown to decrease
paclitaxel-induced neuropathic pain through downregulation of
NF-κB and cytokines such as TNF-α (Cata et al., 2008). Reactive
oxygen species scavengers such as phenyl-N-tert-butylnitrone
and 4-hydroxy-TEMPO also decreased paclitaxel-induced
neuropathic pain in animals (Kim et al., 2010). Cannabinoid
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FIGURE 3 | (Representative immunofluorescent images of PDE4)
Co-localization of PDE4, NeuN, and DAPI in the L5 DRGs. (A) PDE4 (green,
Alexa Fluor 488) in the L5 DRG of a vehicle (VEH; 4% dimethyl sulfoxide and
4% Tween 80 in saline)-injected rat. (B) PDE4 (green, Alexa Fluor 488) in the
L5 DRG of a paclitaxel (PAC; 2 mg/kg/1 ml of vehicle)-injected rat. (C) PDE4
(green, Alexa Fluor 488) in the L5 DRG of a paclitaxel + rolipram (ROL;
3 mg/kg)-injected rat. (D) NeuN (red, Alexa Fluor 568) in the L5 DRG of a
paclitaxel-injected rat. (E) DAPI (blue) in the L5 DRG of a paclitaxel-injected
rat. (F) PDE4 (green, Alexa Fluor 488), NeuN (red, Alexa Fluor 568), and DAPI
(blue) in the L5 DRG of a paclitaxel-injected rat. The L5 DRGs of the VEH
(N = 3) and PAC groups (N = 3) were obtained on day 20 after the first
paclitaxel injection. For the ROL group, L5 DRGs were obtained 1 h after
intraperitoneal injection of rolipram (3 mg/kg) on day 20. PDE4 was expressed
in both neurons and satellite cells in the DRG. Stars and arrows indicates
satellite cells and neurons, respectively. Scale bars, 50 µm.

type 2 receptor agonists prevented and reduced allodynia in
a rat model of paclitaxel-induced neuropathic pain (Naguib
et al., 2008). In addition, our study confirms that selective PDE4
inhibitor reduced chemotherapy-induced neuropathic pain
through inhibiting of inflammatory cytokines in the DRGs.

We determined that rolipram exerts its analgesic
effects in rats with paclitaxel-induced neuropathic pain by
decreasing inflammatory cytokines in the DRG. Rolipram is a
selective PDE4 inhibitor. PDE4 degrades the phosphodiester
bond in cAMP and then terminates the action of cAMP
(Beavo, 1995; Houslay and Adams, 2003). PDE4 is the

FIGURE 4 | (Representative immunofluorescent images of IL-1 β)
Co-localization of IL-1β, NeuN, and GFAP in DRGs. (A) IL-1β (green, Alexa
Fluor 488) in the L5 DRG of a vehicle (VEH; 4% dimethyl sulfoxide and 4%
Tween 80 in saline)-injected rat. (B) IL-1β (green, Alexa Fluor 488) in the L5
DRG of a paclitaxel (PAC; 2 mg/kg/1 ml of vehicle)-injected rat. (C) IL-1β

(green, Alexa Fluor 488) in the L5 DRG of a paclitaxel + rolipram (ROL;
3 mg/kg)-injected rat. (D) IL-1β (green, Alexa Fluor 488) and NeuN (red, Alexa
Fluor 568) in the L5 DRG of a paclitaxel-injected rat. (E) IL-1β (green, Alexa
Fluor 488) and GFAP (red, Alexa Fluor 568) in the L5 DRG of a
paclitaxel-injected rat. (F) Quantification of IL-1β in the DRG. Paclitaxel
increased the levels of IL-1β in the DRG, and subsequent treatment with
rolipram decreased that. The L5 DRGs of rats in the VEH (N = 3) and PAC
groups (N = 3) were obtained on day 20 after the first paclitaxel injection. For
rats in the ROL group, L5 DRGs were obtained 1 h after intraperitoneal
injection of rolipram (3 mg/kg on day 20). Rolipram decreased the
PAC-increased IL-1β intensity in the DRG. Stars and arrows indicates satellite
cells and neurons, respectively. Scale bars, 50 µm. The data are expressed as
means ± standard error for three rats. The asterisks indicate values that are
significantly different (P < 0.05) from the values for the vehicle group or
PAC + ROL group as determined by the Mann–Whitney U test.

predominant cAMP-specific PDE in the neurons and glial
cells of neural tissues (Iona et al., 1998; Jin et al., 1999)
and also predominates in immune cells such as basophils,
eosinophils, neutrophils, monocytes, macrophages, and
T lymphocytes (Houslay et al., 2005; Zhang et al., 2005).
Therefore, rolipram may increase cAMP levels in both nerve
and immune tissues, in turn inhibiting NF-κB and decreasing
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the production of inflammatory cytokines (TNF-α, IL-1β),
chemotaxis, and cytotoxicity (Takahashi et al., 2002; Chio et al.,
2004). Increases in these inflammatory cytokines can produce
pain behaviors (Wagner and Myers, 1996). In our study, both
rolipram and db-cAMP, a cAMP analog, showed potent analgesic
effects in the rat model of paclitaxel-induced neuropathic pain.
Therefore, the inhibition of PDE4 and promotion of cAMP
are critical targets for the treatment of chemotherapy-induced
neuropathic pain.

We found that PDE4 was localized in the neurons and
satellite cells in the DRG. The Aβ fiber, a myelinated large-
size neuron, has nociceptors that respond to moderate and
noxious pressure or pinch (Perl, 1968). The Aδ fiber is a
myelinated medium-size neuron that carries information about
mechanical and thermal pain (Roberts and Elardo, 1985). The
C fiber, a non-myelinated small-size neuron, includes high-
threshold mechanoreceptors with superficial or deep receptive
fields (Alloui et al., 2006). We demonstrated that PDE4 was
localized in all three of these differently sized neurons, providing
further evidence that PDE4 terminated the action of cAMP
in the DRG neurons and that rolipram decreased PDE4
activity.

In the present study, paclitaxel treatment increased IL-1β

expression in the DRG cells, and rolipram reversed the paclitaxel-
induced increase in IL-1β. Paclitaxel has a lipopolysaccharide-
like action and accumulates immune cells into the DRG
(Manthey et al., 1992; Kim et al., 2016a). The immune cells
activated by paclitaxel can produce inflammatory cytokines
such as TNF-α and IL-1β through an increase in p-NFκB
(Manthey et al., 1992). In addition, these increased amounts
of p-NFκB, an activated form of NF-κB, are translocated into
the nucleus, where various inflammatory cytokines, including
TNF-α and IL-1β, are produced. Rolipram decreased p-NFκB
levels in the DRG via inhibition of PDE4 and thereby
decreased the release of inflammatory cytokines. Therefore,
we conclude that inflammatory cytokines in the DRG are
involved in chemotherapy-induced neuropathic pain and that
PDE4 may be a critical target for treating this form of
pain.

Paclitaxel activates Toll-like receptor 4 (TLR4) through
lipopolysaccharide-like action (Manthey et al., 1992). TLR4 is
expressed on the cell surface of innate immune cells, small
primary afferent neurons and microglia and astrocytes in the
central nervous system (Li et al., 2016). Detaily, TLR4 is expressed
in CGRP- and IB4-positive small DRG neurons and astrocyte

in spinal cord. The activation of TLR4 induces inflammatory
cytokines (Li et al., 2014). PDE4 was expressed in the DRG in the
present study. Therefore, the interaction of PDE4 and TLR4 in
the DRG may be involved in chemothrapy-induced neuropathic
pain (Koks et al., 2008).

Some of the limitations of the present study include: (1) This
study was performed in an animal model of chemotherapy-
induced neuropathic pain. Thus, it will be interesting to see if
rolipram has similar analgesic effects on other chemotherapy
agents-induced neuropathic pain models. (2) The present study
was performed in a small number of rats in each group. Thus,
higher numbers of rats are needed to increase the reliability. (3)
This study was performed in an animal model. Thus, clinical
study be needed.

The present study demonstrated that the local administration
of rolipram in the L5 DRG ameliorated marked mechanical
hyperalgesia induced by paclitaxel in a rat model of
chemotherapy-induced neuropathic pain via inhibition of
inflammatory cytokines and PDE4. We thus conclude that the
DRG is a site of action of PDE4 inhibitors and that PDE4
inhibitors could be useful in alleviating chemotherapy-induced
neuropathic pain in patients with cancer. However, further
clinical investigations are needed.
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In rodents, the amygdala has been proposed to serve as a key center for the nociceptive
perception. Previous studies have shown that extracellular signal-regulated kinase (ERK)
signaling cascade in the central nucleus of amygdala (CeA) played a functional role
in inflammation-induced peripheral hypersensitivity. Duloxetine (DUL), a serotonin and
noradrenaline reuptake inhibitor, produced analgesia on formalin-induced spontaneous
pain behaviors. However, it is still unclear whether single DUL pretreatment influences
formalin-induced hypersensitivity and what is the underlying mechanism. In the current
study, we revealed that systemic pretreatment with DUL not only dose-dependently
suppressed the spontaneous pain behaviors, but also relieved mechanical and thermal
hypersensitivity induced by formalin hindpaw injection. Consistent with the analgesic
effects of DUL on the pain behaviors, the expressions of Fos and pERK that were used
to check the neuronal activities in the spinal cord and CeA were also dose-dependently
reduced following DUL pretreatment. Meanwhile, no emotional aversive behaviors were
observed at 24 h after formalin injection. The concentration of 5-HT in the CeA was
correlated with the dose of DUL in a positive manner at 24 h after formalin injection.
Direct injecting 5-HT into the CeA suppressed both the spontaneous pain behaviors and
hyperalgesia induced by formalin injection. However, DUL did not have protective effects
on the formalin-induced edema of hindpaw. In sum, the activation of CeA neurons
may account for the transition from acute pain to long-term hyperalgesia after formalin
injection. DUL may produce potent analgesic effects on the hyperalgesia and decrease
the expressions of p-ERK through increasing the concentration of serotonin in the CeA.

Keywords: central nucleus of amygdala (CeA), formalin model, pERK, duloxetine (DUL), hyperalgesia

INTRODUCTION

Classically, the formalin test includes two well-identified phases of spontaneous pain behaviors,
which is considered as a model of acute inflammatory pain (Wheeler-Aceto and Cowan, 1991;
Rocha-Gonzalez et al., 2005; Sun et al., 2013). It is well accepted that the spontaneous pain
response occurred immediately after formalin injection into the hindpaw or tail of rodent animals.
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The primary mechanism involved in this process was peripheral
nervous system stimulation, namely, the direct activation of
the peripheral transient receptor potential ankyrin (TRPA)-1
receptor (Adedoyin et al., 2010). Furthermore, formalin injection
induced-secondary mechanical hyperalgesia was also observed
after the acute phase (Wiertelak et al., 1994; Fu et al., 2000,
2001; Lin et al., 2007; Vierck et al., 2008; Yin et al., 2016). It
has been demonstrated that the spontaneous pain response and
secondary hyperalgesia were independent (Adedoyin et al., 2010).
Therefore, the formalin test is a suitable model to investigate
the transition from acute to chronic pain. Some studies revealed
that formalin-induced long-term hyperalgesia was maintained
by spinal dorsal horn (SDH) (Bravo-Hernandez et al., 2012) or
descending facilitation from the rostral ventromedial medulla
(RVM) (Ambriz-Tututi et al., 2011), however not sufficient to
explain this hyperalgesia. In this study, we directed attention to
the brain limbic system and tried to figure out the anatomic
sites and underlying mechanisms involved in the transition from
spontaneous pain to hyperalgesia induced by hindpaw formalin
injection.

Neurons in the central nucleus of amygdala (CeA), a region
of limbic system also called “nociceptive amygdala,” receive
nociceptive information from the dorsal horn via afferent
pathways relayed by the lateral parabrachial nucleus (LPB) (LPB-
CeA pathway) (Dong et al., 2010). In rodents, this spinal cord-
LPB-CeA neural pathway transmits most of the nociceptive
information. Many studies have shown that the insular cortex
and cingulate cortex are the brain areas which receive the
CeA’s projections (Basbaum et al., 2009; Bliss et al., 2016). As
the CeA was known to be involved in the acquisition and
expression of emotion, this pathway was thought to play central
roles in both inducing and maintaining affective aspects of pain
responses. It has been demonstrated that excitatory synaptic
transmissions were potentiated on the LPB-CeA pathway in some
inflammatory pain models, such as arthritic and muscle pain
models (Neugebauer et al., 2009; Cheng et al., 2011). Moreover,
the excitability of CeA also increased in some chronic pain
models, such as spinal nerve ligation (SNL) pain model (Nakao
et al., 2012). Therefore, we assumed that neuroplasticity in the
CeA plays a pivotal role in the transition from acute to chronic
pain and the initiation of long-term hyperalgesia induced by
formalin injection.

Serotonin depletion has long-term effects on the functional
activity of the nociceptive system and there was an important
role of 5-HT in mediating the effects of stress on pain sensitivity
in the formalin test (Butkevich et al., 2005a,b). The increased
nociception in prenatally stressed 7-day-old pups might be
associated with the decrease in the intensity of serotonin-like
immunoreactivity and density of serotonergic cells (Butkevich
et al., 2006). Meanwhile, 5-HT2C receptor knockdown in
the amygdala inhibited neuropathic-pain-related plasticity and
behaviors (Ji et al., 2017). Duloxetine (DUL) was primarily
administered to treat depressive disorder through increasing
the concentration of serotonin/noradrenaline in the synapse
(Cipriani et al., 2009; Mancini et al., 2012). Further studies
have demonstrated its wide analgesia on multi-types of pain,
including fibromyalgia (Hauser et al., 2009), diabetic neuropathy

(Raskin et al., 2006), functional chest pain (Wang et al., 2012),
osteoarthritic pain (Citrome and Weiss-Citrome, 2012) and
non-organic orofacial pain (Nagashima et al., 2012). However,
other specifical underlying mechanisms of DUL as pain killer
are still unknown. We hypothesized here that CeA relates
with the transition from acute to chronic pain induced by
formalin injection. DUL can exert analgesic effects on formalin-
induced long-term hyperalgesia and regulating the activation of
extracellular signal-regulated kinases (ERK) in the CeA through
modifying the concentration of CeA 5-HT.

MATERIALS AND METHODS

Animals and Drugs
Male C57BL/6 mice (about 10 weeks old) were housed in a
temperature-controlled environment on a 12-h light/dark cycle
with access to food and water ad libitum. The mice would be
handled before doing any operation. To reduce the suffering of
mice before anesthesia, all the operations must be gentle and
quick at a comfortable environment. All experimental protocols
were in accordance with the ethical guidelines and received prior
approval from the Animal Use and Care Committee for Research
and Education of the Fourth Military Medical University (Xi’an,
China). Formalin solution was bought from Si’chuan Xi’long
Chemical Co., Ltd. (Chengdu, China). DUL (Eli Lilly Company,
United States) was purchased and freshly dissolved in sterile
saline, filtered before use and delivered intraperitoneally (i.p.).

Experimental Design
According to our pilot experiment, the behavioral features of
mice receiving s.c. saline injection were similar to those of naïve
mice, thus the data obtained from the naïve mice were not
included in the current study. To reduce the bias introduced by
the batch difference of animals, as well as to better control and
compare the results, we used separate vehicle groups (s.c. saline
injection) for this experiment.

We aimed to establish the dose-effect curve for DUL on the
formalin induced pain responses. After 1 week acclimation, the
animals were randomly assigned to one of the following groups
(9 mice in each group): mice receiving i.p. injection with saline
(Veh group), 1 mg/kg of DUL (DUL 1 mg/kg group), 3 mg/kg of
DUL (DUL 3 mg/kg group), 10 mg/kg of DUL (DUL 10 mg/kg
group), 30 mg/kg of DUL (DUL 30 mg/kg group) then followed
by 25 µl of 5% formalin s.c. injected into the plantar surface of
the hindpaw 1 h later. The animals from all groups were video-
recorded for the later analysis during the 1 h time window. And
the mechanical threshold and thermal latency of the injected paw
were tested at 0/1/3/24 h after formalin injection. After formalin
injection 2 h, three mice in each group were perfused for the
immunohistochemical staining of FOS and phosphorylation ERK
(p-ERK) in the SDH and CeA; after formalin injection 24 h, other
3 mice in each group were also perfused for the staining of FOS
and p-ERK in the SDH and CeA.

We also tested the effects of DUL after the mechanical and
thermal hyperalgesia were established. At 24 h after formalin
injection, the above doses of DUL were administered and the
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mechanical and thermal hyperalgesia were tested 1 h later (6 mice
in each group).

Formalin Test
The formalin test was established to observe the spontaneous pain
responses (flinching or licking the injected hind paw). Mice were
brought to the lab and placed in the test chamber for 20 min each
day for 7 days. After the mice’s acclimation to the testing chamber
for about 20 min, 25 µl of the 5% formalin solution (dissolved in
saline) was s.c. injected into the plantar surface of the left hindpaw
using a microsyringe (Hamilton co. Reno, NV, United States)
attached to a 30-G needle. After formalin administration, the
mice were returned to the test chamber and the video-recordings
were performed for 60 min, as described below.

All the following behavioral recording was conducted by a
tester blinded to the experimental condition. A sound-attenuated
clear perspex testing chamber (25 × 25 × 40 cm) was fitted
with an inverted video camera to record video for offline
behavioral analysis. A trained observer, who was blinded to
different groups, conducted the behavioral analysis of the video
recordings to determine the spontaneous pain responses induced
by formalin. The pain behaviors were manually recorded by
retrieving behaviors from the recorded videos. As previous
studies have suggested (Dubuisson and Dennis, 1977; Saddi and
Abbott, 2000; Akbari et al., 2013), the behavioral rating criteria
were as follows: (1) no pain: normal weight bearing on the
injected paw; (2) favoring: injected paw resting lightly on floor
or limping; (3) lifting: elevation of the injected paw; (4) licking:
licking or biting the injected paw. Weighted pain scores were used
to evaluate the spontaneous pain behaviors, in which no pain is
weighted 0, favoring 1, lifting 2, and licking 3. The pain scores
was 0× normal+ 1× favoring+ 2× lifting+ 3× licking.

Measurements of Mechanical Threshold
and Thermal Latency
Experiments were performed on the mice of each group,
respectively. To quantify the mechanical sensitivity of the
hindpaw, animals were placed in individual plastic boxes and
allowed to acclimate for 30 min. The method was described
in our previous studies (Yin et al., 2016; Zhao et al., 2017).
A series of calibrated von Frey filaments (Stoelting, Kiel, WI,
United States) were applied to the plantar surface of the hindpaw
(ranging from 0.02 g to 10.0 g) with a sufficient force to bend
the filaments for 5 s or until paw withdraw. In the presence
of a response, the filament of the next lower force was applied.
In the absence of a response, the filament of the next greater
force was applied. A sharp withdrawal of the paw indicates a
positive response. Each filament was applied five times and the
minimal value which caused at least three responses was recorded
as the paw withdrawal thresholds. The stimulus was stopped if the
threshold exceeded 10.0 g force (cutoff value). Assessment were
made before formalin injection as a baseline.

Thermal hyperalgesia was investigated by using Hargreaves
test (Wu et al., 2014; Lin et al., 2017). Paw withdrawal in response
to noxious thermal stimuli was assessed using a radiant heat
source (8 V, 50 W; Ugo Basile, Comerio, VA, Italy). Mice were

placed in plastic boxes on a glass plate for at least 30 min
before testing. The time from initiation of the light beam to
paw withdrawal was recorded as paw withdrawal latency. The
intensity of the beam was set to produce a basal latency of
approximate 4–6 s. A cut-off time of 15 s was set to prevent
skin damage. Three measures of latency were taken in the same
hindpaw and averaged.

Self-Grooming Behaviors
Spontaneous self-grooming behaviors was investigated as
previously described (Kalueff and Tuohimaa, 2005; Dhamne
et al., 2017; Fujita et al., 2017). Each mouse was placed
individually into a standard mouse cage (46 cm length× 23.5 cm
wide × 20 cm high). Cages were empty to eliminate digging
in the bedding, which is a potentially competing behavior.
A front-mounted camera was placed at about 1 m from the
cages to record the sessions, which were videotaped for 60 min.
Each mice was scored for cumulative time spent on grooming
all the body regions (i.e., forepaws, nose/face, head, body, hind
legs/tail/genitals) and the number of bounts during the 60 min
test session. If the interval between two bounts was >5 s, then
they were counted as separate bounts.

Open Field (OP) Test
The testing room remained quiet and dusk with indirect lighting
during the experiment. Mice were softly placed at the center of
the testing chamber [47 cm (W)× 47 cm (H)× 47 cm (D)] after
1 h acclimation to the testing room. The automated analyzing
system (Shanghai Mobile datum Information Technology Co.,
Ltd.) recorded the track of mice for 15 min (Sun et al., 2013;
Zhai et al., 2016). The total distance and time percentage in
the central area were evaluated to represent the locomotion and
anxiety/depression levels of mice.

Elevated Plus Maze (EPM) Test
The mice were placed at the central area of EPM, which
constituted with two closed arms (CA, 50 × 10 cm), two open
arms (OA, 50 × 10 cm) and a central area (10 × 10 cm). The
bottom of the EPM was 50 cm above ground. The automated
analyzing system recorded the video for 5 min. The numbers of
the mice entering each arms and the amount of time the mice
spent on each arm was analyzed by two investigators blinded to
the experiment. Four paws of the mice onto the open arm were
recorded as an entry. OA entry time % and OA entries % were
scored as described previously (Sun et al., 2013; Zhai et al., 2016).

Cannula Implantation
For microinjection of 5-HT into the CeA, the mice were
initially anesthetized with sodium pentobarbital (50 mg/kg, i.p.).
A 5.0 mm length guide cannula (6202, OD 0.56 × ID 0.38 mm,
RWD, Shenzhen, China) was stereotaxically implanted, aimed at
the CeA (AP: −1.46 mm; ML: +2.7 mm; DV: +4.2 mm), fixed
to the skull with bone screws, super glue, dental cement, and a
dummy cannula was inserted into the guide cannula. After guide
cannula implantation and a 1 week recovery, mice were applied
to test for pain behaviors.
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Measurement of Serotonin Levels
Mice were sacrificed after deep anesthesia by using pentobarbital
(100 mg/kg, i.p.). Brains were removed and sectioned into
1 mm thickness coronal sections using an acrylic brain matrix
on the ice. From the two appropriate sections based on
the brain atlas, amygdala punches were obtained using a
custom-made 0.5 mm punch tool. The CeA (both the medial
and lateral sub nuclei) located close to the inferior segment
of external capsule on the medial side. To determine the
serotonin level, the CeA in each group was homogenated
with 1 ml of perchloric acid containing 0.1% cysteine, then
centrifuged at 10,000 × g for 20 min at 4◦C, and the
supernatant was collected and stored at −70◦C. The levels of
serotonin were measured with a commercially available ELISA
according to the manufacturer’s instructions (LDN, Nordhorn,
Germany).

Formalin-Induced Paw Edema
After 25 µl of the 5% formalin solution was s.c. injected into
the plantar surface of the left hindpaw, the volume (ml) of
this injected hindpaw was measured using a plethysmograph at
0/1/3/24 h after formalin injection. The increase of paw volume
in each groups was calculated. And we also take pictures of the
hindpaw at each timepoints.

Immunohistochemistry Staining
After deep anesthesia by using pentobarbital (100 mg/kg, i.p.),
mice were perfused intracardially with 20 ml phosphate-buffered
saline (PBS, pH = 7.4) and subsequently with 50 ml 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH = 7.4).
Brains and spinal cords were removed and post-fixed in the
same fixative overnight. Then all tissues were transferred to 30%
sucrose in 0.1 M PB at 4◦C at least 24 h for cryoprotection. Brains
and spinal cords were mounted in block and cut on a cryostat
(Leica CM1800, Heidelberg, Germany) at the thickness of 30 µm
at −20◦C. Sections were collected serially into dishes containing
0.01 M PBS. The sections containing the cannula injection sites
were stained with cresyl violet.

All sections used for the immunofluorescent staining were
blocked with 10% normal donkey serum (NDS) in 0.01 M
PBS with 0.3% Triton X-100 for 1 h at room temperature and
then incubated overnight at 4◦C with a mixture of rabbit anti-
p-ERK (1:200; 4370; Cell Signaling Technology, Beverly, MA,
United States) and mouse anti-Fos (1:500; ab11959; Abcam,
Cambridge, MA, United States) antibodies in PBS containing
1% NDS and 0.3% Triton X-100. After 3 rinses in PBS, the
sections were incubated with Alexa488 donkey anti-rabbit IgG
(1:500; A21201; Invitrogen, Carlsbad, CA, United States) and
Alexa594 donkey anti-mouse IgG (1:500; A21203; Invitrogen)
for 4 h at 4◦C. After three washes in PBS, the sections
were mounted and coverslipped on microscope slides. These
sections were observed and images were captured under confocal
laser scanning microscope (FV1000, Olympus, Tokyo, Japan)
with appropriate filters for Alexa488 (excitation 492 nm,
emission 520 nm), or Alexa594 (excitation 590 nm, emission
618 nm).

The p-ERK immunostaining in the CeA after different dose
DUL treatment was performed by using the ABC method (Wang
et al., 2015; Zhao et al., 2017). Briefly, after incubation with 3%
H2O2 for 10 min, sections were washed with 0.01 M PBS and then
incubated with 10% NDS for 30 min. Sections containing the CeA
regions were sequentially incubated with the following: rabbit
anti-p-ERK (1:200); biotinylated goat anti-rabbit IgG antibody
(1:200; Cell Signaling Technology); and avidin-biotin-peroxidase
complex (ABC) (ABC Elite Kit; 1:200; Vector Laboratories). They
were then visualized with diaminobenzidine (DAB) chromogen.
Sections were then observed under a light microscope (AH-3;
Olympus, Tokyo, Japan).

The specificities of the immunohistochemistry staining were
tested on the sections from the other dishes by omitting
the primary specific antibodies. The other procedures and
antibodies were the same with the above staining experiments.
No immunoreactive products were found on the sections. The
numbers of Fos and p-ERK in the sections were counted by an
observer blinded to the experimental conditions.

Dose-Effect Curve and ED50 Calculation
The dosages of DUL were transformed into logarithm dose and
the non-line fitness was performed so as to build the dose-effect
curve. Based on the dose-effect cure, the ED50s of DUL were
calculated. The reliability of ED50 calculated from a specific dose-
effect curve can be evaluated by the slope factor returned by the
GraphPad Prism version 5.01 for Windows (GraphPad Software,
San Diego, CA, United States)1.

Statistical Analysis
The results were expressed as mean value ± standard error
of the mean (SEM). In the formalin test, when comparing the
pain responses, data from the first phase, the second phase and
secondary pain were considered independently. The AUC of
individual animal for formalin pain response curves were group
pooled and One-way ANOVA with Dunnett’s post hoc test was
performed using GraphPad Prism version 5.01 for Windows.

RESULTS

DUL Dose-Dependently Suppressed
Formalin-Induced Spontaneous Pain
Responses
As observed in our previous study, injection of 5% formalin
s.c. into the plantar surface of the hindpaw produced biphasic
pain-related behaviors (Figure 1A). The first transient phase
lasted for the first 10 min post injection and was followed by
the second prolonged phase from 15 to 60 min. Pretreatment
with DUL (i.p.) significantly reduced pain scores at the second
but not the first phase. There was no group difference on pain
scores at the first phase [Figures 1A,A’-1; one way ANOVA,
F(4,29) = 0.1865, P = 0.943]. Given the negative effect of
DUL on pain scores at the first phase, the ED50 value could

1www.graphpad.com
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FIGURE 1 | The analgesic effects of DUL on the first and second phase of spontaneous pain responses after formalin injection. Spontaneous pain behavior
indicated by pain scores during 60 min after subcutaneous formalin injection from different groups were shown in (A). The areas under curve for different groups
were calculated to perform statistical analysis on first (A’-1) and second (A”-1) phases. The log (dose)-effect curves for DUL’s analgesic effects were shown in (A’-2)
(first phase) or (A”-2) (second phase). ∗∗P < 0.01, one-way ANOVA, Dunnett’s post hoc test, n = 6 in each group.

not be retrieved based on the log (dose) vs. response curve
(Figure 1A’-2). While, there existed a significant group difference
on pain scores at the second phase [Figures 1A,A”-1; one way

ANOVA, F(4,29) = 12.39, P < 0.05]. Dunnett’s post hoc test also
revealed group difference between DUL 10 mg/kg (P < 0.05)
or DUL 30 mg/kg (P < 0.05) and vehicle treatment. The ED50
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FIGURE 2 | The analgesic effects of DUL on the mechanical and thermal hyperalgesia after formalin injection. The mechanical thresholds (A) and thermal latencies
(B) of hindpaw after formalin injection were tested in different groups. The areas under curve for different groups were calculated to perform statistical analysis on
mechanical thresholds (C) and thermal latencies (D). At 24 h after formalin injection, the mechanical thresholds (E) and thermal latencies (F) of hindpaw were tested
following different dose DUL administration 1 h later. The DUL treatment has no significant influence on the mechanical thresholds (G) and thermal latencies (H) of
mice without formalin injection. ∗P < 0.05, ∗∗P < 0.01, one-way ANOVA, Dunnett’s post hoc test, n = 6 in each group.
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FIGURE 3 | The immunofluorescent staining of Fos and p-ERK in the SDH
after formalin injection. The double-staining of pERK (green) and Fos (Red)
was conducted in the ipsilateral SDH after vehicle injection (A–C), formalin
injection 2 h (D–F), and formalin injection 24 h (G–I). Scale bar = 50 µm in
(I) (suitable for A–H).

FIGURE 4 | The immunofluorescent staining of Fos and p-ERK in the CeA
after formalin injection. The double-staining of pERK (green) and Fos (Red)
was conducted in the contralateral CeA after vehicle injection (A–C), formalin
injection 2 h (D–F), and formalin injection 24 h (G–I). Scale bar = 50 µm in
(I) (suitable for A–H).

of DUL on pain scores at the second phase was 9.605 mg/kg,
which was calculated based on the log (dose) vs. response curve
(Figure 1A”-2).

DUL Dose-Dependently Alleviated
Formalin-Induced Hyperalgesia
To further investigate whether single DUL treatment have
long-term effects, formalin-induced mechanical and thermal
hyperalgesia were tested. Von Frey filaments experiment showed
a significant group difference on the withdrawal thresholds of the
hindpaw following formalin injection 24 h [Figures 2A,C; one
way ANOVA, F(4,29) = 14.56, P < 0.05]. Dunnett’s post hoc test
revealed group differences between DUL 10 mg/kg (P < 0.01) or
DUL 30 mg/kg (P < 0.01) and vehicle treatments. Hargreaves
test also showed the similar analgesic effects of DUL. There
was a significant group difference on the withdrawal latencies of
the hindpaw [Figures 2B,D; one way ANOVA, F(4,29) = 8.46,
P < 0.05]. Dunnett’s post hoc test revealed group differences
between DUL 10 mg/kg (P < 0.01) or DUL 30 mg/kg (P < 0.01)
and vehicle treatments.

These results indicate the important role of transition from
acute to chronic pain on the hyperalgesia establishment. DUL
has potent analgesic effects by disrupting this transition. We
subsequently investigated the analgesic effects of DUL after
hyperalgesia were established. After formalin injection 24 h,
we administered DUL and tested the mechanical and thermal
hyperalgesia 1 h later. What is different, only DUL 30 mg/kg
had analgesic effects on the mechanical threshold (Figure 2E,
P < 0.05) and thermal latency (Figure 2F, P < 0.05).
The administration of saline or DUL had no influence on
the mechanical threshold (Figure 2G) and thermal latency
(Figure 2H) of the normal mice without formalin injection. DUL
directly produced analgesic effects, while did not change the
normal mechanical threshold or thermal latency.

Formalin Injection Increased the p-ERK
and Fos Expressions in the SDH and CeA
The acute pain behaviors and long-term hyperalgesia induced by
formalin injection, may be produced by different mechanisms
in the nervous system. The double staining of p-ERK and Fos
was used to check the activation of neurons in the SDH and
CeA. There were a few p-ERK-ir or Fos-ir neurons observed
in the SDH (Figures 3A–C) and CeA (Figures 4A–C) of the
vehicle treated mice. The expressions of p-ERK and Fos presented
temporal changes in the ipsilateral superficial layers of SDH
(Figures 3D–I) and in the contralateral CeA (Figures 4D–I) after
formalin injection. The expressions of p-ERK [Figure 5A; one
way ANOVA, F(2,51) = 77.03, P < 0.001; Turkey’s post hoc test:
vehicle group vs. 2 h group, P < 0.001, vehicle group vs. 24 h
group, P > 0.05] and Fos [one way ANOVA, F(2,51) = 806.4,
P < 0.001; Turkey’s post hoc test: vehicle group vs. 2 h group,
P< 0.001, vehicle group vs. 24 h group, P> 0.05] reached its peak
at 2 h and gradually reduced at 24 h in the SDH. The expressions
of p-ERK and Fos increased gradually in the CeA [Figure 5B;
p-ERK: one way ANOVA, F(2,51) = 238.9, P < 0.001; Fos: one
way ANOVA, F(2,51) = 463.1, P < 0.001]. Turkey’s post hoc test
revealed differences between vehicle group and 2 h group on
p-ERK (P < 0.001) and Fos (P < 0.001) expressions. Meanwhile,
there were significant increases on p-ERK (P < 0.001) and Fos
(P < 0.001) expressions in the 24 h group compared with vehicle
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FIGURE 5 | The expressions of p-ERK and Fos in the ipsilateral SDH and contralateral CeA after formalin injection. The expressions of p-ERK and Fos in the
ipsilateral SDH after formalin injection (A). The expressions of p-ERK and Fos in the contralateral CeA after formalin injection (B). ∗∗∗P < 0.001, formalin injection 2 h
group compared with vehicle group; ###P < 0.001, formalin injection 24 h group compared with vehicle group; $$$P < 0.001, formalin injection 24 h group
compared with formalin injection 2 h group; one-way ANOVA, Turkey’s post hoc test, n = 18 sections in each group.

FIGURE 6 | DUL dose-dependently inhibited the p-ERK and Fos expressions in the ipsilateral SDH and contralateral CeA. Representative immunostaining images
showed the p-ERK expressions in the contralateral CeA after formalin injection 24 h, in different treatment groups (A). DUL dose-dependently inhibited the p-ERK
and Fos expressions in the ipsilateral SDH after formalin injection 2 h (B). DUL dose-dependently inhibited the p-ERK and Fos expressions in the contralateral CeA
after formalin injection 24 h (C). Scale Bar = 200 µm in A. ∗∗P < 0.01, ∗∗∗P < 0.001, DUL 10 mg/kg group compared with vehicle group; ###P < 0.001, DUL
30 mg/kg group compared with vehicle group; one-way ANOVA, Turkey’s post hoc test, n = 18 sections in each group.

group. Moreover, the expressions of p-ERK (P < 0.001) in the
24 h group were higher than those in the 2 h group. This
demonstrates that the transition from formalin-induced acute
pain to long-term hyperalgesia may be related to the activation
of the CeA, but not the SDH.

DUL Dose-Dependently Inhibited p-ERK
and Fos Expressions in the SDH and CeA
Next, we analyzed the effects of DUL on the formalin-induced
p-ERK and Fos expressions in the SDH and CeA. Representative

immunostaining images showed the p-ERK expressions in the
CeA after formalin injection 24 h, in different treatment groups
(Figure 6A). Notably, at 2 h after formalin injection, the
activation of p-ERK and Fos in the SDH were significantly
inhibited by DUL in a dose-dependent manner [Figure 6B,
p-ERK: one way ANOVA, F(4,85) = 20.11, P < 0.001; Fos:
one way ANOVA, F(4,85) = 73.66, P < 0.001]. Turkey’s post
hoc test also revealed group differences between vehicle group
and DUL 10 mg/kg group (P < 0.001) or DUL 30 mg/kg
group (P < 0.001) on p-ERK expressions. Meanwhile, there were
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FIGURE 7 | The DUL administration has no effects on the limbic-related behaviors after formalin injection 24 h. Formalin injection 24 h and DUL 30 mg/kg have no
influence on the self-grooming time (A) and bounts (B). There were no significant differences on the total distance (C) and time in the central area (D) in the OF test
among different groups. Similarly, there were also no significant differences on the time (E) and entries (F) in open arms in the EPM test among different groups.
One-way ANOVA, n = 6 in each group.

significant decreases on Fos expressions in DUL 10 mg/kg group
(P < 0.001) or DUL 30 mg/kg group (P < 0.001) compared with
vehicle group. At 24 h after formalin injection, the expressions
of p-ERK and Fos in the CeA were also significantly inhibited
by DUL in a dose-dependent manner [Figure 6C, p-ERK: one
way ANOVA, F(4,85) = 18.33, P < 0.001; Fos: one way ANOVA,
F(4,85) = 26.69, P < 0.001]. Turkey’s post hoc test also revealed
group differences between vehicle group and DUL 10 mg/kg
group (P < 0.01) or DUL 30 mg/kg group (P < 0.001) on
p-ERK expressions. Meanwhile, there were significant decreases
on Fos expressions in DUL 10 mg/kg group (P < 0.001) or DUL
30 mg/kg group (P < 0.001) compared with vehicle group.

DUL Had No Influence on the
Limbic-Related Behaviors
Actually, CeA is also an important brain area involved into
limbic-related behaviors, which includes depression, anxiety, and

fear memory. While, these limbic-related behaviors also affected
nociceptive information perception. Therefore, we would like to
check whether DUL modifies the limbic-related behaviors after
formalin injection 24 h. The self-grooming time and bounts
were not changed after formalin injection 24 h (Figures 7A,B).
There was no significant difference between vehicle group and
DUL 30 mg/kg group on the self-grooming time (P > 0.05)
and bounts (P > 0.05). The total distance and time percentage
spent in the central area in the OF test were also not changed
after formalin injection 24 h (Figures 7C,D). There was no
significant difference between vehicle group and DUL 30 mg/kg
group on the total distance (P > 0.05) and time percentage
spent in the central area (P > 0.05). The time and entries
percentages spent in the open arms in the EPM test were
also not affected after formalin injection 24 h (Figures 7E,F).
There was no significant difference between vehicle group
and DUL 30 mg/kg group on the time (P > 0.05) and
entries (P > 0.05) percentages spent in the open arms. These
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FIGURE 8 | The roles of 5-HT in the CeA on the formalin injection-induced spontaneous pain response and secondary hyperalgesia. DUL dose-dependently
lightened the formalin injection-induced reductions of serotonin levels in the contralateral CeA (A). The diagram image in (B) showed that the cannular was implanted
into the CeA (Bregma –1.46 mm). Local infusion 5-HT dose-dependently decreased the formalin injection-induced spontaneous pain responses (C,D). The
reductions of mechanical (E,F) and thermal (G,H) hyperalgesia after formalin injection were dose-dependently alleviated with CeA 5-HT injection. ∗P < 0.05,
∗∗P < 0.01, One-way ANOVA, Dunnett’s post hoc test, n = 6 in each group.

results indicate that there were no limbic-related behaviors
after formalin injection 24 h and DUL had no influences on
them.

Involvement of 5-HT in the CeA on the
Analgesic Effects of DUL
To better understand the underlying mechanisms for the
analgesic effects of DUL on the formalin-induced pain behaviors,

we tested the concentration of 5-HT in the CeA and injected
5-HT into the CeA directly to check its effects on pain
behaviors. Firstly, formalin hindpaw injection reduced the
concentration of 5-HT in the contralateral CeA by using
Elisa method (Figure 8A, P < 0.001). Dunnett’s post hoc
test also revealed group differences between DUL 10 mg/kg
(P < 0.05) or DUL 30 mg/kg (P < 0.01) and vehicle
treatments. The mice were received cannula implantation on
the CeA and then used to do the formalin test (Figure 8B
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FIGURE 9 | (A) The representative photographs showed the paw edema induced by formalin injection at 1, 3, and 24 h. (B) The effects of different dose DUL (1, 3,
10, and 30 mg/kg) on hindpaw edema induced by formalin injection. There was no significant difference among these groups. One-way ANOVA, Dunnett’s post hoc
test, n = 6 in each group.

and Supplementary Figure S1). The spontaneous pain behaviors
were checked after local infusion 5-HT (10 and 100 nmol) into
the CeA 1 h (Figure 8C). There was a significant difference
between 5-HT 100 nmol and vehicle treatment group (Figure 8D,
P < 0.01). Meanwhile, we also investigated the effects of 5-
HT CeA injection on the mechanical threshold (Figure 8E)
and thermal latency (Figure 8G). Of particular interest, local
infusion 5-HT (100 nmol) into the CeA significantly produced
analgesic effects on the mechanical (Figure 8F, P < 0.01)
and thermal (Figure 8H, P < 0.01) hyperalgesia. These results
indicate that DUL exerted obvious analgesic effects through
enhancing the serotonin levels in the CeA after formalin
injection.

DUL Had No Protective Effects on
Increased Paw Edema
As observed in Figure 9A, the edema induced by formalin could
be observed at 1 and 3 h after formalin injection, then the
edema decreased at 24 h after formalin injection. There were no
significant group differences on the increased paw volume at 1,
3, and 24 h in comparison with Veh group [Figure 9B; one way
ANOVA, F(4,29) = 3.27, P > 0.05]. Dunnett’s post hoc test also
revealed no significant differences between 1, 3, 10, or 30 mg/kg
and vehicle treatment groups (P > 0.05).

DISCUSSION

Formalin (5%) hindpaw s.c. injection has been demonstrated
to induce acute spontaneous pain behaviors (0–1 h), and
subsequently long-term (1–24 h) secondary hyperalgesia in
the ipsilateral hindpaw. Secondary nociceptive behaviors were
observed in various experiments, which were similar using 10%
(Cadet et al., 1993), 5% (Fu et al., 2000, 2001; Wu et al., 2001;
Vierck et al., 2008), 1% (Ambriz-Tututi et al., 2009) and 0.5%
formalin (Jolivalt et al., 2006). Furthermore, the mechanical and

thermal hyperalgesia were also observed at 24 h after formalin
injection. The expressions of FOS and p-ERK in the SDH might
be the underlying mechanism for the acute spontaneous pain
responses. Whereas, the activation of CeA neurons might be
the reason for the transition from formalin-induced spontaneous
pain to long-term hyperalgesia, which was indicated by the
increase expressions of p-ERK in the CeA. These analgesic effects
of DUL was related to the levels of 5-HT in the CeA. The edema
induced by the formalin injection did not change a lot following
different dosage of DUL. Our results suggest that the activations
of neurons in different nucleus account for different stage of
formalin hindpaw injection-induced pain behaviors.

The Analgesic Effects of DUL on the
Formalin-Induced Spontaneous Pain
DUL is one of serotonin/noradrenaline reuptake
inhibitors (SNRI), which increases the concentration of
serotonin/noradrenaline in the synapse. Its affinities for
muscarinic, α1 adrenergic, and histamine H1 receptors are
weaker than those of tricyclic antidepressants (TCAs), which
imply its weaker adverse effects and potential application in
clinic (Bymaster et al., 2001). DUL has been demonstrated widely
analgesic efficacy for fibromyalgia (Hauser et al., 2009), diabetic
neuropathy (Raskin et al., 2006), functional chest pain (Wang
et al., 2012), osteoarthritic pain (Citrome and Weiss-Citrome,
2012) and non-organic orofacial pain (Nagashima et al., 2012)
in clinic. Our previous study suggests that DUL pretreatment
mainly attenuated the second phase of formalin-induced
spontaneous pain responses more than the first phase in vivo
(Sun et al., 2013). And this analgesic effect may be preferentially
mediated by spinal not supra-spinal mechanisms. The current
study also showed the effects of DUL on spontaneous pain
behaviors induced by formalin. Furthermore, we observed
the mechanism involved in this process was due to inhibit
the expressions of p-ERK and FOS in the SDH, but not the
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peripheral inflammatory reaction indicated by pedal edema
(DUL pretreatment didn’t decrease the volume of paw edema
induced by formalin). However, the ED50 between the two
studies are different. We think that the different index used to
reflect the spontaneous pain behaviors may the important reason
for this difference. In the previous study, the flinches time per
min was used. Whereas, the pain scores were performed in
this investigation, which included favoring, lifting and licking
behaviors. The four different doses adopted in these two studies
might be another reason for the different ED50. This difference
might also result from different seasons or environments and
age of the two animal groups which can also be observed in
the clinical studies and some experiment (Aun et al., 1992;
Metzler-Wilson et al., 2013).

The Expressions of Fos in the SDH
and CeA
The immediate early gene c-fos is rapidly and transiently
expressed in neurons in response to nociceptive stimulation,
which encodes for the nuclear protein Fos (Harris, 1998). And
levels of the protein peak about 2 h after induction of gene
transcription. However, Fos may also contribute to long-term
modulation of spinal nociceptive processes is by involvement in
the changes in spinal nociceptive circuits that lead to hyperalgesia
(increased sensitivity to noxious stimuli) or allodynia (non-
noxious stimuli). In this situation, even some touch stimuli
would induce nociceptive perception and thus induce the Fos
expressions. Lots of studies have shown that expression of
Fos in spinal neurons is high following procedures that cause
hyperalgesia and allodynia, even last for a long time (Wu et al.,
2014; Zhang et al., 2014; Zhao et al., 2017). The CeA, which
is known as the “nociceptive amygdala,” receives glutamatergic
inputs from the parabrachial nucleus (PB), which convey more
than 90% nociceptive information from the spinal dorsal horn
in the rodents (Basbaum et al., 2009; Cameron et al., 2015).
Lots of neurons in the CeA would be activated after formalin
injection being consistent with the previous studies (Zhang
et al., 2014; Morland et al., 2016). However, it was reported
that intraplantar injection of formalin increased c-fos mRNA
expression in the BLA, but not CeA (Nakagawa et al., 2003).
There were 3 reasons for the difference expressions. Firstly, the
Fos protein was checked in the CeA in our study. Maybe, the
c-fos mRNA expression changes in the CeA was not obvious
after intraplantar injection of formalin. Secondly, they detected
the c-fos mRNA only after formalin injection 1 h. Actually, the
expression peak was about 2 h after formalin injection based on
the previous investigations (Wu et al., 2014; Yin et al., 2016).
At last, the different concentrations of formalin injected into
the hindpaw might induce the difference expressions in the
CeA.

The Roles of CeA in the Transition From
Acute Pain to Hyperalgesia
The mechanisms underlying the transition from acute
spontaneous pain to mechanical and thermal hyperalgesia
induced by formalin injection are still unclear. Previous studies

reported that formalin could induce secondary allodynia and
hyperalgesia, and the intervening measures at SDH, dorsal
reticular nucleus, RVM and periaqueductal gray (PAG) all
could prevent facilitation of the tail-flick reflex or secondary
hyperalgesia after formalin injection (Ambriz-Tututi et al., 2011,
2013; Bravo-Hernandez et al., 2012). It has been demonstrated
that pain included not only the somatosensory response, but
also the affective response, which was related to the limbic
system. But classical studies did not explain the relationship
between chronic pain and the negative emotional response
very well. The limbic system, especially CeA, took participated
in the nociceptive information transmission have been widely
confirmed (Zhuo, 2007; Kolber et al., 2010). There is increasing
evidences indicating that the limbic system including CeA plays
an important role in persistent pain states (Adedoyin et al.,
2010; Kolber et al., 2010). Some studies demonstrated that
glutamate receptor (mGluR) in the CeA modulated pain-like
behavior, moreover pharmacological blockade or conditional
deletion of mGluR in the CeA abrogated inflammation-induced
diphase hypersensitivity (Adedoyin et al., 2010; Kolber et al.,
2010). Whether CeA has influence on the formalin-induced
pain transition is still unclear. Our results showed that the
CeA was activated during formalin induced spontaneous pain
and long-term hyperalgesia. We proposed hypothesis that
nociceptive input was sent to LPB firstly via SDH (Traub
and Murphy, 2002; Hearn et al., 2014b) and then CeA was
activated by LPB (Nakao et al., 2012; Hearn et al., 2014a). The
neuroplasticity in the CeA plays a pivotal role in the transition
from acute to chronic pain and the initiation of long-term
hyperalgesia induced by formalin injection. ACC and insular
cortex can also generate long-term potentiation during persistent
pain, which received nociceptive information from the CeA
(Zhuo, 2007). Is CeA related with ACC or insular cortex in the
process of transition from acute pain to long-term hyperalgesia
induced by formalin? This will be investigated in our following
study.

The Roles of ERK in the CeA Involved
Into the Formalin-Induced Hyperalgesia
ERK is one of important molecule in MAPK signaling pathways,
and plays an important role in the inflammatory pain. ERK can
be phosphorylated (p-ERK) when noxious substances stimulate
sensory neurons (Galan et al., 2003; Ji, 2004). Previous studies
have revealed that neuronal ERK activation further increased
the activity of TRPV1, which mediated hyperalgesia (Zhuang
et al., 2004; Karim et al., 2006). Moreover, the inhibition
of ERK signaling pathway is associated with a reduction of
hyperalgesia in a neuropathic pain model (Zhuang et al.,
2005) and inflammatory pain models (Adwanikar et al., 2004;
Kawasaki et al., 2004). Furthermore, the activation of ERK
pathway also contributed to pain-related synaptic plasticity
in dorsal root ganglion and spinal cord (Kawasaki et al.,
2004; Takahashi et al., 2006). Notably, pain-related synaptic
plasticity in limbic system was also related to ERK activation
(Fu et al., 2008). The activation of ERK in the amygdala
was both necessary for and sufficient to induce long-lasting
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peripheral hypersensitivity to tactile stimulation. Thus, blockade
of inflammation-induced ERK activation in the amygdala
significantly reduced long-lasting peripheral hypersensitivity
associated with persistent inflammation, and pharmacological
activation of ERK in the amygdala induced peripheral
hypersensitivity in the absence of inflammation (Carrasquillo
and Gereau, 2007). Our results were in accordance with
these studies. We observed that the activation of ERK
in the superficial layers of SDH at 2 h, and in CeA at
2 and 24 h after formalin injection. So we hypotheses
that the second-phase acute spontaneous pain behaviors
were sustained by the expression of p-ERK in the SDH,
but the activation of ERK in the CeA contributed to
the formalin-induced transition from acute pain to long-
term hyperalgesia after formalin injection. The maintenance
of formalin-induced long-term hyperalgesia may also be
mediated by the activation of ERK in the CeA after formalin
injection 24 h.

CONCLUSION

DUL showed an analgesic effect on the spontaneous pain
behaviors and hyperalgesia induced by the formalin injection,
which may promote the use of DUL on the chronic
inflammatory pain. Our study initially found that DUL exert
analgesic effect on the long-term hyperalgesia via disrupting
the transition from acute pain, which were correlated with
the concentration of 5-HT in the CeA. More attention
needs to be directed on the limbic system to search new
analgesic strategy for the chronic inflammatory pain, as
well as the molecular mechanisms mediated this analgesic
effect.
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Anisomeles indica (L.) kuntze is widely used in folk medicine against various disorders

including allergy, sores, inflammation, and fever. This research investigated the

antinociceptive, anxiolytic and sedative effects of A. indica methanol extract. The

antinociceptive activity was assessed with the acetic acid-induced writhing test and

formalin-induced flicking test while sedative effects with open field and hole cross tests

and anxiolytic effects with elevated plus maze (EPM) and thiopental-induced sleeping

time tests were assayed. Computer aided (pass prediction, docking) analyses were

undertaken to find out the best-fit phytoconstituent of total 14 isolated compounds of

this plant for aforesaid effects. Acetic acid treated mice taking different concentrations

of extract (50, 100, and 200 mg/kg, intraperitoneal) displayed reduced the writhing

number. In the formalin-induced test, extract minimized the paw licking time of mice

during the first phase and the second phase significantly. The open field and hole-cross

tests were noticed with a dose-dependent reduction of locomotor activity. The EPM test

demonstrated an increase of time spent percentage in open arms. Methanol extract

potentiated the effect of thiopental-induced hypnosis in lesser extent comparing with

Diazepam. The results may account for the use of A. indica as an alternative treatment of

antinociception and neuropharmacological abnormalities with further intensive studies.

The compound, 3,4-dihydroxybenzoic acid was found to be most effective in computer

aided models.

Keywords: Anisomeles indica, writhing test, central pain, peripheral pain, neuropharmacology
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INTRODUCTION

In the last few decades ethnobotanical research has reflected
multifarious medicinal properties of plants including analgesic
(Wirth et al., 2005), anti-inflammatory (Kumar et al., 2013), anti-
rheumatic (Kaur et al., 2012), anti-cancer (Fridlender et al., 2015),
and anti-depressive activities (Sarris et al., 2011). A number of
herbal preparations is prescribed as analgesic and anti-depressive
in the literature of alternative medicine. Search for new analgesic
and anti-depressive drugs from a wider hub of medicinally
important plants has been more focused since the last couple of
decades. This is due to the exploration of novel therapeutic agents
for suppression or relief of pain as well as depression (Anil, 2010).

The emotional responses or unusual sensory linked with
potential tissue damage contributed by muscle spasm, tumor,
nerve damage, inflammation, exposure to noxious chemical,
thermal or mechanical stimuli refer to pain (Morrison and
Morrison, 2006). As a therapeutic option, non-steroidal anti-
inflammatory drugs (NSAIDs) are chosen for mild to moderate
pain, while steroidal and opioids for intense acute and severe
pain conditions. However, the side effects of both NSAIDs and
opioids limit their frequent and free usages (Grosser et al., 2011;
Yaksh and Wallace, 2011). Anxiety which has been reported as a
psychological disorder is described as an unpleasant emotional
state for which the cause is neither readily identified nor
perceived to be uncontrollable. Anxiety impairs performances
and it is associated with numbers of medically unexplained
symptoms triggering insomnia. It is independently and strongly
associated with chronic illnesses and low levels of life-quality
(Hoffman et al., 2008). Therapeutic agents available for the
treatment of anxiety include benzodiazepines, opioids, and non-
steroidal anti-inflammatory drugs. These agents, however, are
not without significant side effects that limit their use. Tolerance
and dependence to some of these agents particularly opioids
and benzodiazepines, make the search for potent alternatives
very important (Kimiskidis et al., 2007). Medicinal plants
have contributed enormously to the development of important
therapeutic drugs for modern medical sciences (Olorunnisola
et al., 2012). There is an increasing recognition that medicinal
plants might provide a viable source for new drug molecules,
especially in the case of failure of the more popular synthetic
drugs (Prasad et al., 2005).

Anisomeles indica belongs to Lamiaceae family. It is usually
familiar as gobura of annual shrub class distributed in most
of the districts of Bangladesh. A. indica leaves are used for
children’s whooping cough and fever (Yusuf et al., 1994; Rahman
et al., 2007). The roots have long been used for allergy,
uterine infection, sores, and mouth abscess. Root also has anti-
inflammatory, astringent, tonic properties (Yusuf et al., 1994).
The extract of this plant is found to work on inflammatory
mediators, bacteria, tumor cell proliferation and melanogenesis
(Wang and Huang, 2005; Hsieh et al., 2008; Rao et al., 2009;
Huang et al., 2012). Water extract of A. indica has primarily been
found as centrally working analgesic (Dharmasiri et al., 2003).We
thus comprehensively evaluated the antinociceptive, anxiolytic,
and sedative effects effects of A. indica methanol extract (MEAI)
in mice model elucidating the structure-activity relationship for

aforesaid biological activities with the isolated phytocompounds
of this plant by using in silico PASS prediction and molecular
docking tools.

METHODS AND MATERIALS

Plant Sample
Whole plant material of A. indica (L.) Kuntze (Lamiaceae) was
collected from the Rajshahi University premises, Bangladesh
in September, 2012 by the authors, and plant sample was
identified by an expert taxonomist Dr. Sheikh Bokhtear Uddin
who is working in the Department of Botany of University
of Chittagong. A voucher specimen (accession no. 1304) has
been preserved in the institutional herbarium of the aforesaid
Department.

Extract Preparation
The shade-dried whole plants of A. indica were powdered (500 g)
to macerate in absolute methanol (purity 99.99%, 1,500ml).
Powdered material was placed into an amber bottle for a 7-
days-exhaustive extraction with occasional stirring and shaking
in every 3 days. The extracts obtained were pooled and filtered
using Whatman Filter paper #1. The final combined methanol
specimen (850ml) was evaporated to dryness using a vacuum
rotary evaporator (RE200 Biby Sterling, UK) and weighted
(16.19 g dry weight, 3.23% w/W) to determine the yield of soluble
constituents. The semi-solid black-green crude extract soluble in
methanol was preserved at 4◦C.

Maintenance of Experimental Animals
Six-seven weeks old Swiss albino mice of both sexes (50% male
and 50% female) weighing ∼35–40 g were procured from the
animal research division of the International Centre for Diarrheal
Disease and Research, Bangladesh (ICDDR, B). Mice were
housed in polycarbonated cages ensuring a standard laboratory
condition of temperature 25◦C and humidity 55–56% in a 12 h
day light cycle. They had a free access to supplied pellet animal
diet and tapwater. Animal handling protocol was endorsed by the
Planning and Development (P&D) committee of the Department
of Pharmacy of International Islamic University Chittagong,
Bangladesh.

Drugs and Reagents
Reagent grade formalin and acetic acid were purchased from
MERCK, India through Taj Scientific Ltd. Diazepam and
diclofenac-Na were brought from Sigma-Aldrich, USA via
local supplier. Morphine sulfate kindly donated by Popular
Pharmaceuticals Ltd., Bangladesh. All other reagents were of
analytical grade unless otherwise specified.

Antinociceptive Activities
Acetic Acid-Induced Writhing Test
Either sex of mice (n= 6) weighing 35–40 g were divided into five
groups. Normal control group received normal saline (10 ml/kg
bw), reference control group received standard drug diclofenac
sodium (10 mg/kg bw) while the rest of the groups were injected
intraperitoneally with 50, 100, and 200 mg/kg bw of methanol
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extract of A. indica (MEAI). After 30min of administration,
the animals were injected (i.p.) 1% (v/v) (10 ml/kg bw) acetic
acid. After 5min of acetic acid injection, abdominal constrictions
were counted for 10min and the responses were compared
with control group (Koster et al., 1959). Antinociceptive activity
was calculated as the writhing percentage of inhibition. The
percentage of inhibition was calculated using the following ratio:

Writhing inhibition =
Mean no. of writhing

(

control
)

−Mean no. of writhing (test)

Mean number of writhing
(

control
) × 100

Formalin Induced Licking Test
Formalin induced biphasic method employed in mice model was
assessed as described previously (Burgos et al., 2010). Formalin
solution (2.5%, 20 µl) prepared by 0.9% saline solution was
injected into the sub-plantar region of the right hind paw of
mice. Animals were intraperitoneally pretreated with saline
solution, morphine sulfate (10 mg/kg bw), diclofenac sodium
(10 mg/kg bw) and MEAI (50, 100, and 200 mg/kgbw) 1 h prior
to formalin injection. Pain response was measured by the licking
and biting of the injected paw. Responses measured for 5min
is considered as first phase and 15–30min is considered as
second phase after formalin injection. First phase and second
phase response corresponds to the neurogenic and inflammatory
pain responses, respectively. Antinociceptive activity was
calculated as the percentage inhibition of licking time.

(

(%)
)

of inhibition =
Mean of licking time

(

control
)

−Mean of licking time (test)

Mean of licking time
(

control
) × 100

Locomotor Activity
Open Field Test
The spontaneous locomotor performances of MEAI were
assessed by using the open field test as described earlier. Briefly,
the mice were placed in the test room at least 1 h before each
test for habituation. The open field devices were comprised of a
Plexiglas square box (50 × 50 × 40 cm) with the floor divided
into 25 small squares of equal dimensions (10 cm × 10 cm)
marked by black lines. In this study, test animals were randomly
divided into five groups. Normal control received orally 1%
Tween-80 in water (10 ml/kg), positive control Diazepam (1
mg/kg) administered intraperitoneally and treatment groups
received MEAI orally at the doses of 100, 200, and 400 mg/kg bw.
One hour administration, each animal was placed individually
at the center of the device and observed for 5min to count the
number of squares crossed by the animal with its four paws.
The open field arena was thoroughly cleaned between each test
so that the animal was not influenced by the odors of urine
and feces of the previous one (Saleem et al., 2011). Inhibition
of movements was calculated using the following formula:

Movements inhibition
(

(%)
)

=
Mean no. of movements

(

control
)

−Mean no. of movements (test)

Mean number of movements
(

control
) × 100

Hole Cross Test
Hole cross test was accomplished with slight modification of the
protocol previously described by Takagi et al. (1971). Briefly, mice

were randomly divided into five groups: Control group received
orally 1% Tween-80 in water (10 ml/kg bw), positive control
group Diazepam (1 mg/kg bw) administered intraperitoneally
and treatment group received MEAI orally at the doses of 100,
200, and 400 mg/kg bw. Afterwards the animals were placed in
a compartment where a steel partition was fixed in the middle
having a size of 30 × 20 × 14 cm3. A 3 cm (diameter) hole

was made at a height of 7.5 cm in the center of the cage.
After administration of control, positive control and different
concentrations of extract the animals were allowed to cross the
hole from one chamber to another and the numbers of passage
through the hole from one chamber to other was counted. The
total number of passage was counted for a period of 5min on
0, 30, 60, 90, and 120min during the study period. Percentage
inhibition of movements was calculated using the same formula
used in open field test.

Anxiolytic Activity
Elevated Plus-Maze Test (EPM)
The Elevated plus-maze test is the modified method of the
validated assay of Lister for mice (Pellow and File, 1986). The
apparatus consists of two open arms (35 × 5 cm2) and two
closed arms (30× 5× 15 cm3) extended from a common central

platform (5 × 5 cm2). The walls and floor of the closed arms are
made of wood and painted black. The whole maze is elevated
to a height of 50 cm above the basement. An edge (0.25 cm)
was included around the perimeter of the open to facilitate
exploration. Mice (35–40 g) were housed for 10 days prior to the
test in the apparatus. To reduce stress, the mice were handled
by the researcher on alternate days. Control group received
orally 1% Tween-80 in water (10 ml/kg bw), positive control
group Diazepam (1 mg/kg bw) administered intraperitoneally
and treatment group received MEAI orally at the doses of 100,
200, and 400 mg/kg bw. After 30min treatment with control,
diazepam, and treatment group each mouse was set onto the
center of the maze facing one of the enclosed arms. Number
of entries and time spent onto the open arm were noted for a
5min session. Throughout the test procedure a calm and smooth
environment was ensured to obtain accurate results.

Sedative Activity
Thiopental Sodium Induced Sleeping Time Test
In this test animals were divided into four groups comprised
of six mice each. Vehicle (1% Tween-80 in water 10 ml/kg),

diazepam (1 mg/kg bw) and MEAI (100, 200, and 400 mg/kg
bw) were injected intraperitoneally into control group, reference
group and test groups, respectively. After 20 mins of treatment,
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thiopental sodium (40 mg/kg bw) was injected to each mouse for
inducing sleep. The animals were observed to record the time
between thiopental sodium administrations to loss of righting
reflex (latent period) and duration between the loss and regaining
of righting reflex (sleep duration) (File and Pellow, 1985).
Percentage of effect was calculated using the following formula:

Effect
(

(%)
)

=
Average duration of loss of righting reflex in the test group

Average duration of loss of righting reflex in the control
× 100

Selection of Compounds for Pass
Prediction
Pedalitin, apigenin, methylgallate, 3,4-dihydroxybenzoic acid,
calceolarioside, betonyoside A, campneoside II, acteoside,
isoacteoside, and terniflorin were selected based on the
availability as major compounds through literature survey (Rao
et al., 2009). The structures of the compounds were collected
from PubChem data base. Survey of quite a huge number of
literatures made us to decide the above compounds as major
compounds.

In Silico Experiment to Predict the Activity Spectra

for Substances (PASS)
The selected phytoconstituents especially pedalitin, apigenin,
methylgallate, 3,4-dihydroxybenzoic acid, calceolarioside,
betonyoside A, campneoside II, acteoside, isoacteoside,
terniflorin (Rao et al., 2009) were subjected for evaluating
the antinociceptive activity with the aid of PASS program.
This experiment predicts activity spectrum of a compound as
probable activity (Pa) and probable inactivity (Pi) (Mohuya
Mojumdar and Kabir, 2016) based on the structure-activity
relationship analysis of the training set consisting of more than
205,000 compounds showing more than 3,750 types of biological
activities. The values of Pa and Pi fluctuate between 0.000 and
1.000. A compound is considered experimentally active with
Pa > Pi. Pa > 0.7, indicates the probability of pharmacological
potential is high and the values following 0.5 < Pa < 0.7
reflect the considerable pharmacological effects experimentally.
Pa < 0.5 shows less the pharmacological activity which may
impart a chance of finding new compound (Goel et al., 2011;
Khurana et al., 2011).

In Silico Molecular Docking
Preparation of Protein
Three dimensional crystal structure of Cyclooxygenase-1 (COX
1, PDB id: 2OYE), cyclooxygenase-2 (COX 2, PDB id: 3HS5),
and 5-HT1B (PDB id: 4IAQ) were downloaded in PDB format
from the protein data bank (Berman et al., 2002). Structure
was prepared and refined using the Protein Preparation Wizard
of Schrödinger-Maestro v10.1. Charges and bond orders were
assigned while hydrogens were added to the heavy atoms and
selenomethionines were converted to methionines followed by
deleting all water molecules. Using force field OPLS_2005,
minimization was carried out setting maximum heavy atom
RMSD (root-mean-square-deviation) to 0.30 Å.

Ligand Preparation
Target compounds i.e., pedalitin, apigenin, methylgallate,
3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A,
campneoside II, acteoside, isoacteoside, and terniflorin were
retrieved from Pubchem databases,. The 3D structures of the
ligands were built by using Ligprep 2.5 in Schrödinger Suite 2015

with an OPLS_2005 force field. The pH 7.0 ± 2.0 was used to
generate the ionization states of the compounds using Epik 2.2
in Schrödinger Suite. Up to 32 possible stereoisomers per ligand
were retained.

Receptor Grid Generation
Receptor grids were calculated for prepared proteins so that
various ligand poses bind within the predicted active site during
docking. In Glide, grids were generated in a way to keep the
default parameters of van der Waals scaling factor 1.00 and
charge cutoff value 0.25 subjected to OPLS 2005 force field. A
cubic box of specific dimensions centered on the centroid of the
active site residues was generated for receptor. The bounding box
was set to 14× 14× 14× for docking experiments.

Glide Standard Precision (SP) Ligand Docking
SP flexible ligand docking was carried out in Glide of
Schrödinger-Maestro v 10.1 (Friesner et al., 2004, 2006) within
which penalties were applied to non-cis/trans amide bonds. For
ligand atoms, Van der partial charge cutoff and scaling factor was
selected to be 0.15 and 0.80, respectively. Final scoring was done
on energy-minimized poses and showed as Glide score. The best
docked pose with the lowest Glide score was recorded for each
ligand.

ADME/T Property Analysis
Ligand Based ADME/Toxicity Prediction
The QikProp module of Schrodinger (Maestro, version 10.1)
is a prompt, accurate, easy-to-use absorption, distribution,
metabolism, and excretion (ADME) prediction program
designed to produce certain descriptors linked to ADME. It
predicts both pharmacokinetic and physicochemical significant
descriptors relevant properties. ADME properties determine
drug-like activity of ligand molecules based on Lipinski’s rule of
five. ADME/T properties of the compound (DIM) were analyzed
using Qikprop 3.2 module (Natarajan et al., 2015).

Statistical Analysis
Data were presented as mean ± standard error of mean (SEM)
values from triplicates. One-way analysis of variance (ANOVA)
followed by Dunnet’s test was used to describe the data for
significant differences between the test and control groups
using GraphPad Prism Data Editor for Windows, Version 6.0
(GraphPad software Inc., San Diego, CA). P-values (<0.05
and < 0.01) were considered as statistically significant.
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RESULTS

Antinociceptive Activities
Acetic Acid Induced Writhing Response
The results demonstrated the significant antinociceptive
activity of MEAI as shown in Figure 1. The analgesic and
writhing-inhibitory effect were increased with the dose
in a noteworthy manner. The MEAI was found to be
moderately active with its low dose and showed inhibitory
effects of 20.00 and 45.71% at the doses of 50 mg/kg and
100 mg/kg, respectively. MEAI at a dose of 200 mg/kg
exhibited the maximum inhibition of acetic acid induced
writhing numbers which was significantly close (p < 0.05,
F = 49.74) to that of the reference standard diclofenac
sodium.

Formalin Induced Licking Test
A characteristic biphasic nociceptive response is induced in
the test animals after i.p administration of formalin. In both
the phases the pain behaviors were evaluated individually
by observing licking duration of animal models. The MEAI
showed significant (p < 0.05) reduction of nociceptive
behaviors evoked by formalin compared with control
group. In the early/neurogenic phase (F = 24.03), MEAI
showed protection percentages of 31.94, 45.18, and 58.53%
at the doses of 50, 100, and 200 mg/kg, respectively. While
in the late phase, MEAI markedly reduced the licking
duration, significantly (p < 0.05, F = 15.63) lower than
reference drug morphine, by exerting 44.18, 59.67, and
70.53% inhibition at the same concentration, respectively
(Figure 2).

FIGURE 1 | Effect of methanol extract of the A. indica and DS (10 mg/kg) on

acetic acid induced writhing test. Values are mean ± S.E.M. *p < 0.05 and

**p < 0.01, significantly different from control; ANOVA followed Dunnett’s test

(n = 6, per group). DS, diclofenac sodium; MEAI, methanolic extract of

A. indica.

Locomotor Activity
Open Field Test
The CNS activity of drug is evaluated by its effect on locomotion
of the test animal model. In this test, the A. indica showed a
dose dependent decrease in locomotor activity at the tested dose
levels and the effects were statistically significant (p < 0.05). The
locomotion lowering effect was pronouncedly evident from the
second observation period continued till last observation period
(120min). In this study, test animal showed dose dependent
decrease of movement figured as 38.52 ± 3.40, 27.71 ± 2.87,
15.90 ± 1.74 with 100, 200, and 400 mg/kg, respectively. While
the reference drug diazepam (1 mg/kg) decreased (p < 0.05,
F= 0.8140) the number of movement 54.56± 3.76, 34.59± 2.76,
20.15 ± 3.50, and 16.35 ± 3.12 with the similar doses
from second observation period to last observation period
(Figure 3).

Hole Cross Test
MEAI demonstrated a gradual decrease in locomotion of the
test animal model starting from second observation period
(30min) as confirmed by the reduction in the number of
passes of tested mice through the hole in contrast to the
control group (Figure 4). Therefore, a potent central nervous
system (CNS) depressant activity was exhibited by MEAI
at respective doses from second (30min) to final (120min)
observation point which was statistically significant (p < 0.05–
0.01). The results displayed the number of holes crossed at
dose 400 mg/kg bw (1.95 ± 1.67) was comparable (p < 0.05,
F = 0.5559) with the standard drug diazepam (2.78 ± 0.51)
at final observation period (120min). The other two dosages
(100, 200 mg/kg bw) also reduced the locomotor activity
(4.52 ± 1.21 and 2.10 ± 0.25, respectively). The CNS was
found to be depressed during the observation period 0
to 120 min.

Anxiolytic Activity
Elevated Plus-Maze Test (EPM)
As shown in Figure 5, all doses ofMEAI increased the entries into
the open arms. Meanwhile, the time spent into open arms was
also increased to 43.04 ± 2.15, 48.25 ± 3.60, 64.75 ± 3.19 with
the three doses. The values were statistically significant (p < 0.05,
F = 18.81) compared to the control (35.75± 2.80). All the tested
doses demonstrated a dose-dependent increase of time spent in
open arms. Additionally, there was also a significant increase in
duration of time (64.75 ± 3.19) for 400 mg/kg, into open arm,
which was significant (p < 0.05, F = 17.52) in comparison to that
(78.20± 4.12) of reference group.

Sedative Activity
Thiopental Sodium Induced Sleeping Time Test
It was found that MEAI significantly (p < 0.05, F = 34.45)
potentiated a decrease in onset of sleep and dose dependently
increased in duration of sleep in thiopental-induced sleeping
time test (F = 28.51). The prolongation of duration of sleeping
time at dosages 100, 200, and 400 mg/kg (65.01 ± 4.71, 104.60
±3.20, 146.46 ± 4.89, respectively) in comparison to control
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FIGURE 2 | Effect of methanol extract of the A. indica, DS, and morphine (10 mg/kg) on formalin test (first phase and second phase). Values are mean ± S.E.M.

*p < 0.05 and **p < 0.01, significantly different from control; ANOVA followed Dunnett’s test (n = 6, per group). DS, diclofenac sodium; MEAI, methanolic extract of

A. indica.

FIGURE 3 | Effect of methanolic extract of A. indica on open field test in mice. Values are mean ± S.E.M. *p < 0.05 and **p < 0.01, significantly different from control;

ANOVA followed Dunnett’s test (n = 6, per group). MEAI, methanolic extract of A. indica.

group (49.50 ± 2.70). Thiopental sodium induced sleeping time
test was shown in Figure 6.

In Silico Pass Prediction
Ten constituents namely pedalitin, apigenin, methylgallate,
3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A,
campneoside II, acteoside, isoacteoside, terniflorin were analyzed
by the PASS for their antinociceptive effects and results were
used in a flexible manner. The chosen compounds showed higher
Pa than Pi (Table 1). The compound 3,4-dihydroxybenzoic acid
showed highest Pa-value for antinociceptive activity (Pa = 0.563)
followed by methylgallate (Pa = 0.537).

In Silico Molecular Docking Analysis for
Analgesic Effect
Advancement and sophistication of computational techniques
have developed virtual screening to get a positive impact on
the process of discovery. Virtual screening process uses the
scoring and docking of the compound individually from a
database while the fundamental of the technique is prediction
of binding modes and affinity of the compounds by means
of docking to an X-ray crystallographic structure. Grid based
docking model was used to analyze the binding pattern of
molecules with the amino acids present in the active pocket
of the protein. To evaluate the potential analgesic molecule,
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FIGURE 4 | Effect of methanolic extract of A. indica on hole cross test in mice. Values are mean ± S.E.M. *p < 0.05 and **p < 0.01, significantly different from

control; ANOVA followed Dunnett’s test (n = 6, per group). MEAI, methanolic extract of A. indica.

FIGURE 5 | (A) Effect of methanolic extract of A. indica on percentage of entry into open arm in elevated plus maze test in mice. (B) Effect of methanolic extract of

A. indica on percentage of time spent into open arm in elevated plus maze test in mice. Values are mean ± S.E.M. *p < 0.05 and **p < 0.01, significantly different

from control; ANOVA followed Dunnett’s test (n = 6, per group). MEAI: methanolic extract of A. indica.

we have undertaken the docking analysis of the isolated active
compounds ofA. indica to the active site cyclooxygenase enzymes
viz. COX-1. Fourteen compounds so far isolated by different
researchers from A. indicia have been listed up (Rao et al.,
2009) and the prevailing 10 compounds have been chosen to
find out the most potential compounds suitable for therapeutic
approaches through in silico docking study. Despite the diverse
chemical structures of non-steroidal anti-inflammatory drugs,
their analgesic effects are mainly due to the common property
of inhibiting cyclo-oxygenases (COX) involved in the formation
of prostaglandins, the inflammatorymediators, which are formed

by the conversion of arachidonic acid. Therefore, this study has
chosen the isoforms Cox-1 and Cox-2 of Cox enzyme for in silico
model (Lenardão et al., 2016). Additionally the receptor 5-HT1B
was selected as the receptor as well modulates the antinociception
through its agonist binding (Jeong et al., 2012). For studying
the interaction of the compounds acteoside, betonyoside A, β-
sitosterol, isoacteoside, stigmasterol with 2OYE,Glide docking
analysis was performed by Schrodinger suite v10.1, where among
of these compounds apigenin shows highest docking score shown
in Table 2. The low and negative free energy values for binding
indicates a strong favorable bond between 2OYE. According to
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FIGURE 6 | (A) Effect of methanolic extract of A. indica on onset of sleep in thiopental sodium induced sleeping time test in mice. (B) Effect of methanolic extract of

A. indica on duration of sleep in thiopental sodium induced sleeping time test in mice. Values are mean ± S.E.M. *p < 0.05 and **p < 0.01, significantly different from

control; ANOVA followed Dunnett’s test (n = 6, per group). MEAI, methanolic extract of A. indica.

Docking Score, apigenin was found to have the highest affinity
to the COX-1 enzymes corresponding to the methylgallate,
3,4-dihydroxybenzoic acid and calceolarioside. The results of
docking analysis were presented in Tables 2–4 and the docking
figure showed in Figures 7–9.

Toxicity and ADME Analysis Through
Ligand Based Toxicity/ADME Prediction
The drug-like activity of the ligand molecule was classified
using ADME properties by QikProp module of Schrodinger.
The ADME properties of the pedalitin, apigenin, methylgallate,
3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A,
campneoside II, acteoside, isoacteoside, terniflorin were clarified
with QikProp module of Schrodinger, shown in Table 5. The
selected properties are known to influence cell permeation,
metabolism, and bioavailability. Predicted properties of the
pedalitin, apigenin, methylgallate, 3,4-dihydroxybenzoic acid
were in the range to satisfy the Lipinski’s rule of five to be
recognized as drug like potential. All other compounds were not
satisfying the all five rules.

DISCUSSION

Pain is one of the most pervasive problems in current time
and it has high social and economic impacts (Julius and
Basbaum, 2001). During inflammation, several mediators can
activate and/or sensitize nociceptive fibers and mediators; these
mediators are also involved in edema formation and leukocyte
infiltration (Mazzon et al., 2008). Several analgesics are used
to treat a wide range of painful and inflammatory conditions,
including non-steroidal anti-inflammatory drugs (NSAIDs),
glucocorticoids and opioids (Ferreira et al., 1997). Despite the
high diversity of available anti-inflammatory and analgesic drugs,
their side effects and the ineffectiveness of some drugs for
some conditions require the continuous search for new drugs.
Investigating plant–derived products is a vital way to discover
effective and less toxic drugs (Fine et al., 2009).

This study therefore investigated the anti-nociceptive activity
of MEAI in classical non-narcotic peripheral and central acting
pain models by acetic acid induced writhing test and formalin
induced licking test, respectively. Acetic acid induced writhing
test evaluated the antinociceptive activity of MEAI characterizing
through abdominal contractions, body movements as a whole
and twisting of the abdominal muscles. This non-specific pain
evaluating method is suitable to detect the effects showed by
weak analgesics. Pain is generated by endogenous inflammatory
mediators such as serotonin and bradykinin which stimulate
peripheral nociceptive neurons (Sakiyama et al., 2008).The pain-
sensation in acetic acid induced model is triggered by localized
inflammatory response for the release of free arachidonic acid
from tissue phospholipids via cyclooxygenase (COX-1 and COX-
2), and prostaglandin specifically PGE2 and PGF2 biosynthesis,
the level of lipoxygenase products may also be increased in
peritoneal fluids (Adzu et al., 2003). MEAI administration
significantly reduced acetic acid-induced writhing in mice.
This result supports the hypothesis that the extract from
A. indica may act by inhibiting prostaglandin synthesis because
the nociceptive mechanism of abdominal writhing induced by
acetic acid involves the release of arachidonic acid metabolites
via cyclooxygenase (COX), and prostaglandin biosynthesis.
Additionally, the possible involvement of neurotransmitter
systems, such as opioid, serotonergic, purinergic, cholinergic,
catecholaminergic, cannabinoid, GABAergic systems as well as
ATP-gated potassium channels could be involved. Apart from
these, flavonoid and their derivatives have been found to be
antinociceptive and anti-inflammatory agents due to their ability
to inhibit arachidonic acid metabolism (Middleton et al., 2000).
It is possible that the presence of apigenin, terniflorin and other
flavonoid molecules in the extract of A. indica be responsible for
the antinociceptive effect. In silico study also complies with the
binding of cyclooxygenase with the target compounds especially
3,4-dihydroxybenzoic acid and apigenin used in this study.

The formalin test is one of the widely used methods
of expressing pain and analgesic mechanism in contrast to
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TABLE 1 | Pass prediction of pedalitin, apigenin, methylgallate,

3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A, campneoside II,

acteoside, isoacteoside, terniflorin for antinociceptive activity.

Phytocompounds with

chemical structure

PASS prediction of

antinociceptive activity

Pa Pi

Pedalitin 0.408 0.103

Apigenin 0.348 0.137

Methylgallate 0.537 0.019

3,4-dihydroxybenzoic

acid

0.563 0.013

Calceolarioside 0.490 0.042

Betonyoside A 0.417 0.096

Campneoside II 0.415 0.097

Acteoside 0.466 0.058

Isoacteoside 0.420 0.093

Terniflorin 0.273 0.204

Structures of the compounds have been take from PubChem.

TABLE 2 | Docking results of pedalitin, apigenin, methylgallate,

3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A, campneoside II,

acteoside, isoacteoside, terniflorin with COX 1 (PDB: 2OYE) for analgesic effect.

Compound name Docking score Glide e model Glide energy

Apigenin −6.558 −45.804 −33.285

Methylgallate −5.568 −36.628 −27.553

3,4-dihydroxybenzoic acid −5.836 −36.615 −28.943

Calceolarioside −3.944 −43.087 −38.449

Betonyoside A −2.468 −27.687 −26.796

Campneoside II −4.711 −47.817 −40.214

Acteoside −4.232 −43.177 −37.819

Isoacteoside −3.196 −16.98 −12.443

Pedalitin – – –

Terniflorin – – –

TABLE 3 | Docking results of apigenin, methylgallate, 3,4-dihydroxybenzoic acid

with COX 2 (PDB: 3HS5) for analgesic effect.

Compound name Docking score Glide e model Glide energy

Apigenin −8.441 −59.92 −40.316

3,4-dihydroxybenzoic acid −5.18 −26.881 −18.894

Methylgallate −6.303 −40.433 −29.26

TABLE 4 | Docking results of apigenin, methylgallate, 3,4-dihydroxybenzoic acid,

calceolarioside, campneoside II, acteoside, isoacteosidewith 5-HT1B (PDB id:

4IAQ) for antidepressant effect.

Compound name Docking score Glide e model Glide energy

Apigenin −7.584 −62.57 −42.95

Methylgallate −5.246 −40.13 −30.777

3,4-Dihydroxybenzoic acid −4.763 −32.943 −26.42

Calceolarioside −5.263 −49.171 −34.29

Campneoside II −6.279 −50.314 −33.303

Acteoside −6.094 −48.583 −37.06

Isoacteoside −5.227 −62.228 −48.055

mechanical or thermal stimulus methods (Khan et al., 2010).
Applying this method we can also differentiate between the
peripheral and central antinociceptive pain. This is a biphasic
model where the early phase represents neurogenic (1–5min)
and late phase represents inflammatory pain (15–30min),
respectively (Dallel et al., 1995). The early phase demonstrates
an acute response observed immediately after the administration
of formalin because of direct stimulation of nociceptive neurons.
While the late phase gives a delayed response made by the release
of inflammatory mediators especially prostaglandins, histamine,
serotonin and bradykinin, and activation of the neurons in
the dorsal horns of the spinal cord (Clavelou et al., 1995).
Administration of MEAI in different doses significantly inhibited
the pain response in both phases as confirmed by reduced licking
behavior but the effect was more prominent in the late phase.

Frontiers in Pharmacology | www.frontiersin.org 9 April 2018 | Volume 9 | Article 24651

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Uddin et al. Antinociceptive effects of Anisomeles indica

FIGURE 7 | Docking results of apigenin (A), methylgallate (B), 3,4-dihydroxybenzoic acid (C), calceolarioside (D), betonyoside A (E), campneoside II (F), acteoside

(G), isoacteoside (H) with COX 1 (PDB: 2OYE) for analgesic effect. The colors indicate the residue (or species) type: Red-acidic (Asp, Glu), Green-hydrophobic (Ala, Val,

Ile, Leu, Tyr, Phe, Trp, Met, Cys, Pro), Purple-basic (Hip, Lys, Arg), Blue-polar (Ser, Thr, Gln, Asn, His, Hie, Hid), Light gray-other (Gly, water), Darker gray-metal atoms.

Interactions with the protein are marked with lines between ligand atoms and protein residues: Solid pink—H-bonds to the protein backbone, Dotted pink-H-bonds to

protein side chains, Green—pi-pi stacking interactions, Orange-pi-cation interactions. Ligand atoms that are exposed to solvent are marked with gray spheres. The

protein “pocket” is displayed with a line around the ligand, colored with the color of the nearest protein residue. The gap in the line shows the opening of the pocket.
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FIGURE 8 | Docking results of apigenin (A), methylgallate (B), 3,4-dihydroxybenzoic acid (C) with COX 2 (PDB: 3HS5) for analgesic effect. The colors indicate the

residue (or species) type: Red-acidic (Asp, Glu), Green-hydrophobic (Ala, Val, Ile, Leu, Tyr, Phe, Trp, Met, Cys, Pro), Purple-basic (Hip, Lys, Arg), Blue-polar (Ser, Thr,

Gln, Asn, His, Hie, Hid), Light gray-other (Gly, water), Darker gray-metal atoms. Interactions with the protein are marked with lines between ligand atoms and protein

residues: Dotted pink-H-bonds to protein side chains, Green—pi-pi stacking interactions, Orange-pi-cation interactions. Ligand atoms that are exposed to solvent are

marked with gray spheres. The protein “pocket” is displayed with a line around the ligand, colored with the color of the nearest protein residue. The gap in the line

shows the opening of the pocket.

Considering the inhibitory property of MEAI on the second
phase of formalin, we might suggest an anti-inflammatory action
of the plant extract. This result is in line with that obtained
in formalin model and indicates that MEAI probably interacts
with COX receptors occupied by the A. indica compounds
showing formalin-induced nociception. Opioid analgesics exert
its antinociceptive effects for both phases while the early phase is
more sensitive whereas NSAIDs seem to suppress only the late
phase. Therefore, reduced liking time in both phases indicates
a possible interaction with neurogenic and inflammatory pain
modulators.

To evaluate the drug action on CNS, observation of locomotor
activity of the test animal is regarded as a noteworthy method.

Because this activity is regarded as an indicator of alertness
and a decreased locomotor performance has been used as
an index of CNS depressant activity (Hunskaar and Hole,
1987).Various researches have confirmed that open field method
is a classic model to evaluate general and spontaneous activity
of animals (Sousa et al., 2004; Gahlot et al., 2013).The decrease
in locomotor activity due to the treatment with MEAI in the
tested mice was corresponding with the effect of antidepressants
because sensory afferent neurons provide excitatory feedback
to motor neurons and spinal interneurons in response to
muscle contraction during active locomotion. Additionally local
GABAergic interneurons modulate this pathway by inhibiting
sensory afferents at the presynaptic level (Rudomin, 2009).
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FIGURE 9 | Docking results of apigenin (A), methylgallate (B), 3,4-dihydroxybenzoic acid (B), calceolarioside (D), campneoside II (E), acteoside (F), isoacteoside (G)

with 5-HT1B (PDB id: 4IAQ) for antidepressant effect. The colors indicate the residue (or species) type: Red-acidic (Asp, Glu), Green-hydrophobic (Ala, Val, Ile, Leu,

Tyr, Phe, Trp, Met, Cys, Pro), Purple-basic (Hip, Lys, Arg), Blue-polar (Ser, Thr, Gln, Asn, His, Hie, Hid), Light gray-other (Gly, water), Darker gray-metal atoms.

Interactions with the protein are marked with lines between ligand atoms and protein residues: Solid pink—H-bonds to the protein backbone, Dotted pink-H-bonds to

protein side chains, Green—pi-pi stacking interactions, Orange-pi-cation interactions. Ligand atoms that are exposed to solvent are marked with gray spheres. The

protein “pocket” is displayed with a line around the ligand, colored with the color of the nearest protein residue. The gap in the line shows the opening of the pocket.
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Pharmacological manipulations showed that GABAergic neurons
modulate the burst frequency of motor neurons during fictive
locomotion (Schmitt et al., 2004).

The hole-cross test is similar to the open field test in the
constructs that it can assess locomotor activity and detect the
wide spectrum antidepressants. Accordingly, it is believed that
complementary and/or converging information on potential
antidepressants could be achieved by using both the tests can.
From our study data, it is evident that i.p. administration of
MEAI significantly suppressed the spontaneous locomotion of
test mice in the hole-cross test. Substances which have sedative
and CNS depressant activity either decrease the time for onset of
sleep or prolong the duration of sleep or both. It is possible that
MEAI act by potentiating GABAergic inhibition in the CNS via
membrane hyperpolarization since GABA is the major inhibitory
neurotransmitter in the CNS and it leads to a reduction in the
firing rate of critical neurons in the brain. This inhibition may
be due to direct activation of GABA receptor by MEAI. It may
also be due to enhanced affinity for GABA or an increase in the
duration of the GABA-gated channel opening (Barria et al., 1997).

The use of the elevated plus maze (EPM) test is considered to
be better examine anxiety-like behavior (Katz et al., 1981). Drugs
having anxiolytic activity decreases distance for open arms and
induces test animal to spend much time in open arms whereas
anxiogenics decrease open arm exploration by reducing both the
number of entries and spent time into the open arms (Griebel
et al., 2000). Administration of MEAI displayed an inclination
of increasing the time spent in the open arms, an indicator of
decreased anxiety implying a reduction in anxiety-like behavior.
It is believed that antidepressive efficiency in the elevated plus-
maze test is a bit controversial because acute antidepressants
may give rise to anxiogenic effect in this paradigm (Kõks et al.,
2001; Holmes and Rodgers, 2003; Drapier et al., 2007). However,
anxiety behavior was not induced by MEAI.

Thiopental sodium induced sleeping test was used for
assessing the sleeping behavior. Indeed, thiopental induces
hypnosis by potentiating GABA mediated post synaptic
inhibition caused due to the allosteric modification of GABAA

receptors. Components possessing CNS depressant effects
either reduce the time of onset of sleep or extend the sleep
duration or both (Nyeem et al., 2006; Hasan et al., 2009).
Earlier, it has been found a relationship between enhancement
of hypnosis and index of CNS depressant activity (Fujimori,
1965). Phytochemical analysis revealed that leaves of A. indica
contain alkaloids and tannins as major phytochemicals along
with saponins, glycosides, carotenoids, polyuronoides and
aromatic oil as bioactive constituents (Ulhe and Narkhede,
2013). Moreover, several behavioral researches demonstrated
that isoquinoline-type alkaloid structures possess anticonvulsant
and hypnotic properties (Singla et al., 2010). The presence of
alkaloidal phytochemicals in A. indica may exert its sedative
activity possibly through inhibition of GABAA receptors.

A. indica containing flavonoids, terpenoids, and propanoids
exerted anti-inflammatory activities, in vitro experiment
displayed previously (Rao et al., 2009). Further support for
the significance of our results is the finding of antinociceptive,
antidepressive, and anxiolytic properties of MEAI in vivo. Earlier,
it has been reported that pathophysiology of major depression
is associated with oxidative stress (Bilici et al., 2001). Therefore,
treatment with antioxidant may reduce the oxidative stress
and depressive disorder as well. Recently, we have reported
that A. indica possesses anticholinesterase and antioxidative
properties (Uddin et al., 2016)which may substantiate the
possible contribution to its antidepressant-like effect.

PASS computer program was used to screen biological activity
of selected compounds as antinociceptive. The compound 3,4-
dihydroxybenzoic acid showed the highest Pa-value (Pa = 0.563)
for antinociceptive activity which was preceded by methyl gallate
showed the Pa-value 0.537 indicating a high probability of these
compounds acting as antinociceptive agents. Previous researches
showed some benzoic acid derivatives to be involved in the
antinociceptive action with direct or indirect activation of opioid
receptors (Déciga-Campos et al., 2007).

This research has conducted a molecular docking analysis,
which allows accurate prediction of ligand and receptor
interaction as well as binding energy, to have a good picture

TABLE 5 | ADME/T properties of pedalitin, apigenin, methylgallate, 3,4-dihydroxybenzoic acid, calceolarioside, betonyoside A, campneoside II, acteoside, isoacteoside,

terniflorin by QikProp.

Name of molecules Pubchem ID MWα HB donorβ HB acceptore Log PU Molar refractivityµ

Pedalitin 31161 316.26 4 7 2.02 78.41

Apigenin 5280443 270.0 0 5 1.49 61.37

Methyl gallate 7428 184.15 3 5 0.85 43.67

3,4- dihydroxy-benzoic acid 72 154.12 3 4 0.88 36.94

Calceolarioside 5273566 478.45 7 11 0.47 116.21

Betonyoside A 102000760 654.61 9 16 −1.13 154.75

Campneoside II 85091108 640.59 10 16 −1.44 149.91

Acteoside 5281800 624.59 9 15 −0.45 148.40

Isoacteoside 6476333 624.59 9 15 −0.23 148.40

Terniflorin 6439941 578.52 6 12 3.04 145.89

αMolecular weight (acceptable range: <500). βHydrogen bond donor (acceptable range: ≤5). eHydrogen bond acceptor (acceptable range: ≤10). UHigh lipophilicity (expressed as

LogP, acceptable range: <5). µMolar refractivity should be between 40 and 130.

Frontiers in Pharmacology | www.frontiersin.org 13 April 2018 | Volume 9 | Article 24655

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Uddin et al. Antinociceptive effects of Anisomeles indica

of Cyclooxygenase A. indica compounds interaction. Grid based
docking study was used to analyze the binding modes of
molecules with the amino acids present in the active pocket
of the protein (Veeramachaneni et al., 2015). To identify a
potential lead molecules for analgesic activity and antidepressant
effect, docking analysis of the active compounds A. indica has
been performed with the active site of cyclooxygenase enzymes-
1 (COX-1), cyclooxygenase enzymes-2 (COX-2) and serotonin
receptors. The interaction between compounds and the active site
was assessed with docking analysis by Schrodinger suite v10.1.

Among of the compounds of A. indica, apigenin gives the
lowest docking score−6.558 and−8.441 with COX-1 and COX-
2 receptors, respectively, followed by methylgallate and 3,4-
dihydroxybenzoic acid. It has been evident that the negative and
low binding energy demonstrates a strong bonding. Additionally,
apigenin is the potential compound for non-selective analgesic
activity. The antinociceptive and neuroprotective effect of this
flavonoid molecule is already been established (Kowalski et al.,
2005).

In addition, the performance of molecular docking,
determining the antidepressant activity among of the isolated
compounds with the serotonin receptors, apigenin displayed
the negative and low value (−7.584) of free energy of binding
demonstrates making a strong favorable bond. Docking score
suggests apigenin might be the responsible compound for
potential antidepressant activity.

Virtual screening is important for natural product chemists to
search the theoretically active principles with attractive ADME/T
profiles which have been isolated previously but not assayed the
activity against specified drug targets (Ntie-Kang et al., 2013).
This prediction procedure can be a better option for lead search
than the random screening. From the results of ADME/T test, it
is clear that among all the compounds only pedalitin, apigenin,
methylgallate, and 3,4-dihydroxybenzoic acid were in the range
for satisfying the Lipinski’s rule of five to be considered as
potential drug in terms of better pharmacokinetics properties
with less toxicity.

CONCLUSION

The methanol extract of all tested doses of A. indica possesses
analgesic activity in central as well as peripheral pain models. In
addition, results of the present neuropharmacological study of
A. indica exhibited antidepressant and anxiolytic activity with less
sedative side effects. In both cases the effect was dose dependent
and statistically significant. Moreover, the computer programs
PASS reflected the antinociceptive activity; molecular docking
demonstrated higher binding affinity with COX-1, COX-2,
serotonin and ADME/Toxicity analysis displayed the satisfactory
pharmacokinetics and toxicity profiles of 3,4-dihydroxybenzoic
acid and apigenin. Further research must be conducted
to elucidate the antinociceptive and neuropharmacological
activities of selected potential compounds in animal model with
a dose-response study.
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Program for Efficiently Processing
50% von Frey Thresholds
Rafael Gonzalez-Cano1*†, Bruno Boivin1†, Daniel Bullock1, Laura Cornelissen2,
Nick Andrews1 and Michael Costigan1,2*
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Most pathological pain conditions in patients and rodent pain models result in marked
alterations in mechanosensation and the gold standard way to measure this is by use
of von Frey fibers. These graded monofilaments are used to gauge the level of stimulus-
evoked sensitivity present in the affected dermal region. One of the most popular
methods used to determine von Frey thresholds is the up–down testing paradigm
introduced by Dixon for patients in 1980 and by Chapman and colleagues for rodents
in 1994. Although the up–down method is very accurate, leading to its widespread
use, defining the 50% threshold from primary data is complex and requires a relatively
time-consuming analysis step. We developed a computer program, the Up–Down
Reader (UDReader), that can locate and recognize handwritten von Frey assessments
from a scanned PDF document and translate these measurements into 50% pain
thresholds. Automating the process of obtaining the 50% threshold values negates
the need for reference tables or Microsoft Excel formulae and eliminates the chance
of a manual calculation error. Our simple and straightforward method is designed to
save research time while improving data collection accuracy and is freely available at
https://sourceforge.net/projects/updownreader/ or in supplementary files attached to
this manuscript.

Keywords: up–down, von Frey, free software, behavior, tactile, mechanical, allodynia, QST

INTRODUCTION

Touch is one of our most utilized senses, often so ubiquitous that we forget that we continuously
process information this way while conscious. Given our inevitable physical contact with the
environment, marked alterations in this sensory parameter can be extremely disabling to those
who suffer these symptoms. Tactile hyper- or hypo- sensitivity can be the result of rare congenic
conditions (Bennett and Woods, 2014) or more commonly through disease, both inflammatory
(Woolf and Salter, 2000) and neuropathic (Costigan et al., 2009). Furthermore, the two most
disabling symptoms of neuropathic pain experienced by patients are tactile hypersensitivity and
spontaneous pain (Loach et al., 2001). Mechanosensitive alterations are also key to the sensory
abnormalities produced by most pathological pain models in rodents (Mogil, 2009).

Cutaneous sensitivity testing with von Frey filaments provides a quantitative measurement
of sensory threshold. They are readily used to evaluate physiology underlying sensory
abnormalities, ranging from numbness to hyperalgesia or allodynia (Maag and Baron, 2006;
González-Cano et al., 2013; Hockley et al., 2017). As such, they have become a mainstay
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of clinical and pre-clinical research of mechanosensation (Le Bars
et al., 2001; Cornelissen et al., 2013, 2014). Clinical studies of
cutaneous sensitivity rely on self-report, i.e., presence or absence
of a response to a stimulus. In rodent pain models, tactile
sensitivity is usually expressed as the paw withdrawal threshold
of the experimentally manipulated hind limb. Different methods
can be used to estimate such thresholds; however, the up–
down method first introduced by Dixon (1980) and subsequently
modified by Chaplan for use in rodents (Chaplan et al., 1994)
remains among the most commonly used. Indeed, a recent survey
indicated that approximately 60% of publications where paw
withdrawal threshold was measured used the up–down method
or a modified version of it (Mills et al., 2012).

To streamline the calculation of the mechanical sensory
thresholds following data acquisition, we have developed a
computer program that can locate and recognize handwritten
von Frey assessments from a scanned PDF document and
translate these measurements into 50% pain thresholds based
on the up–down method. The input grid is first parsed into
individual cells utilizing the commonly used computer vision
library, OpenCV 3.11. The content of the cells is then identified
using pre-trained machine learning algorithms to recognize X
and O values entered into the table by the investigator. The
Up–Down Reader (UDReader) then automatically calculates
and reports the 50% thresholds, reducing processing time and
decreasing errors produced during the data analysis process.

DESCRIPTION OF THE SYSTEM

The program was developed in Python 2.72 and released under
MIT license. Versions compatible with most common operating
systems (MacOS and Windows) are available. The program is
able to evaluate 50% von Frey thresholds in three species (mice,
rats, or humans) depending on the scoring template used. The
evaluation of mechanical sensitivity via von Frey filaments must
be recorded on templates designed for this application, which
are available within the program in PDF format and printed on
paper for use. Tables within these sheets allow forces ranging from
0.04 to 4 g (0.39–39.2 mN) to be recorded in mice and forces
of 0.6 to 15 g (5.88–147 mN) to be documented in rats. Tables
also allow recording of human mechanical detection threshold
(MDT) using forces from 0.02 to 1.4 g (0.20–13.7 mN) as well
as mechanical pain threshold (MPT) using forces from 4.0 to
180 g (39.2–1,766 mN). The software works with all commercially
available von Frey hairs provided that the researcher applies the
forces indicated in the testing sheets. The processing portion of
UDReader is independent of the set of filaments used.

Calibrated von Frey filaments must be applied as previously
described by Chaplan et al. (1994). Briefly, testing is initiated
using the filament force in the mid-range [mouse: 0.6 g
(5.88 mN); rats: 4 g (39.23 mN); and humans: MDT: 0.4 g
(39.2 mN), or MPT: 8 g (78.5 mN)]. The fiber is gently pushed
against the surface of the skin from below. A positive response

1https://opencv.org/releases.html
2https://www.python.org/downloads/

in the animal model is a flinch of the leg indicating that it
has clearly perceived the stimulus; a verbal “Yes” expresses a
positive response from a human participant. The number of
individual stimulations and the time between each von Frey
filament application varies and is determined by the experimental
operator. Some determine a positive response as greater than 50%
positive limb movements in response to 10 individual filament
applications, others test as low as a single application per filament
(Higgins et al., 2015; Xie et al., 2015; Li et al., 2016; Mangione
et al., 2016). Once the reaction to that filament is determined, the
response is recorded as either an X for a positive response or an
O for a negative response. The method of recording positive and
negative responses is shown in Figure 1 and described below.
As UDReader recognizes strings of X’s and O’s produced in
each table from a dictionary of all possible correctly tabulated
responses, it is important that the investigator does not deviate
from the approach given.

A potential limitation of the software is that UDReader
requires the forces tested to be the same as those indicated in
the pre-determined sheet. For this reason, we included different
sheets designed for mice, rats, and humans which center on the
most common range of forces used in these species. However, it
is not yet possible to alter these parameters if these differ from
forces used in a study. We are considering a function to do so in
a future version of the program.

Data Collection
Filling out a complete table (Figure 1A):

(1) As an example, in mice, the first test will be the midrange
0.6 g filament. If this elicits a response, then an X is placed
in the 0.6 g box in the first row.

(2) In this case, the next weaker filament (0.4 g) is tested. If the
mouse responds, an X is placed in the first row 0.4 g box.

(3) In the following test, if there is no response to the next
weaker filament, an O is placed in the first row and the
next stronger fiber is tested.

(4) Depending on the mouse’s response, either an O or X is
recorded in the second row. The next stronger filament is
then tested if there is no response, or a weaker filament
is used if a response occurs. The result is recorded in row
three.

(5) This process is repeated for two more rounds and the
results are recorded in row four and five, at which stage
the test is completed.

Completing a table before reaching the final row (Figure 1B):

(1) In the case of an insensitive mouse, the first row
will contain negative responses, marked by O’s moving
successively right until one filament elicits a response and
is marked with an X. Then, the next weaker fiber is tested,
and the response is marked in row two.

(2) If the mouse does not respond to the strongest filament,
the testing concludes, regardless of which row this result is
achieved in.

Correctly resolving a mistake in a table (Figure 1C):
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FIGURE 1 | Instructions for using the supplied template sheets. In mice, the 0.6 g von Frey filament is tested first, and the result is recorded in the first row. Further
tests are also recorded in this row, up until and including the first test that evokes a different response in the mouse. Results from the next four filament tests are then
recorded in the following four rows to complete the trial for an animal (A). If the subject’s sensitivity range exceeds that of the von Frey filaments, then this is recorded
in the table and the testing concludes. The remaining rows are not filled (B). If a mistake is made while recording, the table should be crossed out. UDReader will
process the mistake and display “N/A” when over 12 boxes are struck through (C).

FIGURE 2 | UDReader produces faster and more accurate results than a
human tester. Comparison of the accuracy (A) and the time expended (B) by
human evaluation and UDReader in processing 41 sheets containing 672
table results. Mice evaluated were both SNI and sham animals, and von Frey
filaments were applied to the left hind paw. Results demonstrate the mean
accuracy per sheet. Error bars represent mean ± SEM.

(1) The best way to correct a recording error is to draw a large
cross (or other graphic) over the erroneous table so that
over 12 individual boxes are marked. If this occurs, the
program will read the table result as an error and replace
the 50% value with N/A (for Not Applicable) in the results
readout.

(2) Following this, move to the next table and re-perform the
analysis, marking the correct boxes.

Data Upload
After the evaluation of one or more subjects (for animal models,
one table per animal, 20 individual tables per template sheet; for
human participants, 1 row of 2 tables per human, 10 subjects per
template sheet), the sheets are scanned as multipage or single page
PDF documents. Once scanned, this file can easily be loaded into
the UDReader program, which will automatically calculate each
table’s 50% threshold.

Running the UDReader Software
From a simple and uncluttered interface, the program first
requests a path to an input file and then processes all of the pages
contained in the document. Machine learning k-NN (nearest
neighbor) algorithms are employed by the UDReader program
to recognize and classify handwritten characters as X’s or O’s. An
ensemble method subsequently aggregates the results, increasing
character identification performance. The k-NN algorithm was
used over other classifiers for its simple yet powerful classification
method on a small number of classes, leading to a robust symbol
classification with minimal error. The program converts each
page within the PDF file to a wraped image, extracting and
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FIGURE 3 | Dispersion of data points highlights the accuracy of UDReader. A comparison between the real values and those obtained by human assessment (A)
and UDReader (B) in the 672 samples evaluated.

FIGURE 4 | Comparison of UDReader accuracy between the handwriting of
three human testers. The 41 tested von Frey sheets were filled out by three
human evaluators. The ability of UDReader to correctly calculate thresholds
using data from each of these testers was examined. Results demonstrate the
average accuracy per sheet per tester, with error bars indicating mean ± SEM.

retaining only the grid of interest, and then parses cells identified
in each experiment table. The contents of each cell within a table
are classified as X, O, or empty, and the program groups the
values within each defined table as string sequences. In the event
where the strings of X’s and O’s obtained are not present in the
pre-computed list of valid sequences, the Levenshtein algorithm
is used to measure their similarity to the predefined valid
sequences, and then rectifies the deviations based on a closest-
match approach. This step helps address potential character
recognition failures and reduce sequence misidentifications. The
final sequence is tabulated in a dictionary which applies the Dixon
formula:

50% threshold (g)=10Xf+κδ/10, 000

where Xf = value (in log units) of the final von Frey filament used;
κ = tabular value (for the pattern of positive/negative responses);
and δ = mean difference (in log units) between stimuli (here,
0.25 for mice, 0.17 for rats and 0.25 and 0.21 for human MDT
and MPT respectively). Individual values are given for each table
processed, until the full sheet of tables is processed. This process
is repeated for each page of the input document.

Data Output
Results are presented on the GUI in a scrollable pane. UDReader
includes the option to save the results to a CSV file in the same
location as the PDF.

TESTING THE SYSTEM

To test the accuracy of UDReader, we used identical data sheets
to record results from mice with SNI (spared nerve injury) and
sham animals tested in the left hind paw. After analyzing the von
Frey values obtained from human testers using the traditional
approach, we compared these results with those given by the
application. The recording templates for mice were completed
experimentally over time in the lab using blue or black ink
pens. The templates were then scanned with an HP Laserjet
Pro MFP M525 printer/scanner (Hewlett-Packard, Houston,
TX, United States) with standard configuration. In this test,
the application was run on a 2.6 GHz Intel Core i5 MacOS
10.13.1 operating system; however, UDReader is compatible
with current Macintosh and Windows operating systems. An
individual evaluating 672 distinct test tables, using a previously
designed Microsoft Excel formula to convert raw data to 50%
threshold values resulted in a 96.3% accuracy in 86 min. When
the same data was evaluated by UDReader, the accuracy increased
to 98.8% with the processing time markedly reduced to 8 min
(Figure 2).

Furthermore, human errors mainly occurred due to
misaligning filament values between tables, brought on by
repetitive processing of data across a sheet of repeated tables.
This can result in the final recorded 50% value changing
significantly (Figure 3A). In contrast, the most common errors
of UDReader were due to poor identification of a symbol within
individual boxes, which result in a 50% value closer to the
correct value (Figure 3B). Although the set of results analyzed
was obtained from various researchers, we wanted to check
whether the detection efficiency of UDReader varied depending
on the handwriting. We verified that despite the fact that the
recognition of the characters is fundamental, the outcome
does not show great differences between evaluators (Figure 4).
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If the templates are completed with care and taking into account
that the reading by the machine can further reduce the error rate,
we propose this as an efficient way of reading primary data tables
and calculating 50% von Frey thresholds.

CONCLUSION

To simplify the process of calculating 50% threshold values,
which previously required searching tabulated result tables
or applying cumbersome Microsoft Excel formulae, we have
developed the UDReader application. This software reads hand-
produced result sheets which are scanned to PDF document
and evaluated by a combination of machine vision and machine
learning libraries. It is able to quickly and efficiently calculate
50% threshold values from these primary data sources. We
demonstrate this application reduces the processing time and
errors committed in the process.

UDReader is an open-source program and can be downloaded
from https://sourceforge.net/projects/updownreader/ for free. If
you find this tool useful in your research studies, referencing this
manuscript will be greatly appreciated. The application is free and
can be used and modified according to the license provided along
with the software. Additional features, improvements, bugs, and

general suggestions for future versions of the application can be
discussed in the discussion section of our Source Forge page.
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Objective: Migraine is a complex, prevalent and disabling neurological disorder

characterized by recurrent episodes of headache without ideal treatment. We aim to

assess the current available evidence of herbal Chuanxiong (Ligusticum chuanxiong Hort.

root) formulae for the treatment of migraine according to the high-quality randomized

controlled trials (RCTs).

Methods: English and Chinese electronic databases were searched from their

inceptions until March 2017. The methodological quality of included study was assessed

by the Cochrane Collaboration risk of bias tool. RCTs with Cochrane risk of bias (RoB)

score ≥4 were included in the analyses. Meta-analysis was conducted using RevMan

5.3 software. Publication bias was assessed by funnel plot analysis and Egger’s test.

Results: Nineteen RCTs with 1832 participants were identified. The studies investigated

the Chuanxiong formulae vs. placebo (n = 5), Chuanxiong formulae vs. conventional

pharmacotherapy (CP) (n = 13 with 15 comparisons), and Chuanxiong formulae plus

CP vs. CP (n = 1). Meta-analysis indicated that Chuanxiong formulae could reduce

frequency, duration, days and pain severity of migraine and improve the total clinical

efficacy rate (P < 0.05). Adverse event monitoring was reported in 16 out of 19 studies

and occurrence rate of adverse event was low.

Conclusion: The findings of present study indicated that Chuanxiong formulae exerted

the symptom reliefs of for migraine.

Keywords: headache, pain, Ligusticum chuanxiong Hort. Root, Traditional Chinese medicine, Chinese herbal

medicine

INTRODUCTION

Migraine is characterized as the recurrent episodes of headaches and related symptoms, occurring
in 14.70% proportion of population worldwide (Vos et al., 2012). The Global Burden of Disease
(GBD) Survey listed migraine as the third most prevalent disorder in 2010 (Vos et al., 2012) and
seventh position among the leading causes of disability on a global basis in 2015 (GBD 2015 Disease
and Injury Incidence and Prevalence Collaborators, 2016). According to a population-based door-
to-door survey of primary headaches in China, the estimated 1-year prevalence of migraine was
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9.3% (Yu et al., 2012). The disorder represents a huge
socioeconomic burden with a population of over 1.3 billion
in China. The total estimated annual cost of primary headache
disorders was CNY 672.7 billion, accounting for 2.24% of
gross domestic product (GDP) (Yu et al., 2012). Therapeutic
agents, including non-steroidal anti-inflammatory drugs
(NSAIDs) (aspirin, diclofenac, ibuprofen, naproxen), opioids
(butorphanol nasal spray) and triptans (almotriptan; eletriptan;
frovatriptan; naratriptan; rizatriptan) are common used in
clinic (Carville et al., 2012). In particular, triptans are the
first-line acute treatments (Worthington et al., 2013). However,
triptans are contraindicated in patients with a history of
symptomatic peripheral, coronary, and cerebrovascular disease
and severe hypertension (Dodick, 2018). NSAIDs may induce
gastrointestinal (Kirthi et al., 2013) and cardiovascular disorders
(Moore et al., 2014). Opioids are associated with the incidence
of habituation, addiction, tolerance and withdrawal syndromes
(Levin, 2014), Furthermore, frequent use of these medications
may be contributed to medication-overuse headache (MOH)
(Scher et al., 2017). In a word, their applications are still greatly
limited by their tolerability and adverse effects. The effective
management of headache disorders remains a moving field and a
potential challenge to the neurologist (Sinclair et al., 2015). Thus,
many migraine patients resort to complementary and alternative
medicine (CAM).

Traditional Chinese medicine (TCM), a main form of CAM,
has been used for medical treatment of headache in China for the
thousands of years and now is still used worldwide. The rhizome
of Ligusticum chuanxiong Hort. (Chuanxiong) originated from
Divine Husbandman’s Classic of the Materia Medica (Shen Nong
Ben Cao Jing), is a well-known TCM herb (China Pharmacopoeia
Committee, 2005). Based on the literature review, Chuanxiong
formulae are the most common used Chinese classical and/or
patent prescription for treating headache both in ancient and
modern time (Zheng Q. et al., 2013; Li et al., 2015). In spite of
thousands of years’ application history, the efficacy and safety
evaluation of Chuanxiong formulae also should be scientifically
performed. Previous systematic reviews (Zhou et al., 2013; Li
et al., 2015) of TCM for migraine prevented to make firm
conclusions because of poor methodological quality of the
primary studies. Therefore, the aim of this study is to assess
the available evidence of Chuanxiong formulae for migraine
according to high-quality randomized controlled trials (RCTs).

Abbreviations: 5-HT, 5-hydroxytryptamine; CAM, complementary and
alternative medicine; CGRP, calcitonin gene-related protein; CHM, Chinese
herbal medicine; CI, confidence intervals; CNKI, China National Knowledge
Infrastructure; COX-2, cyclooxygenase-2; CP, conventional pharmacotherapy;
FA, ferulic acid; FEM, fixed effect model; GBD, global burden of disease. GDP,
gross domestic product; ICHD-1, Classification and Diagnostic criteria for
headache disorders, cranial neuralgias and facial pain; ICHD-2, The international
classification of headache disorder, 2nd edition; ICHD-3, The international
classification of headache disorder, 3rd edition; ID, identity; iNOS, reactive oxygen
species; ITT, intent-to-treat; MD, mean difference; miR-214-3p, microRNA-214-
3p; MOH, medication-overuse headache; NO, nitric oxide; NSAIDs, non-steroidal
anti-inflammatory drugs; RCTs, randomized controlled trials; REM, random
effect model; RoB, risk of bias; ROS, reactive oxygen species; RR, relative risk;
SAS, Statistical Analysis System; SMD, standardized mean difference; SPSS,
Statistical Product and Service Solutions; TCM, traditional Chinese medicine;

METHODS

This systematic review andmeta-analysis is reported according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement (Moher et al., 2010) and our
previous study (Yang et al., 2017).

Search Strategy
PubMed, Cochrane Library, China National Knowledge
Infrastructure (CNKI), Chinese Science and Technology
Periodical Database (VIP) andWanfang Database were retrieved
in English or in Chinese by using the following search terms:
“(migraine OR headache) AND (traditional Chinese medicine
OR herbal medicine OR TCM OR integrative medicine OR
Integrated Traditional and Western Medicine).” The search time
ranged from the inception of each database until March 2017.
Moreover, we also manually searched the additional relevant
studies, using the references of the systematic reviews that
published previously. Specific herb name “Chuanxiong” was not
specifically searched to ensure that eligible herbal formulae were
included as much as possible.

Eligibility Criteria
Type of participants: The adult participants with migraine of
any gender or ethnicity were eligible for inclusion. The widely
used diagnosis criteria of headache were Classification and
Diagnostic criteria for headache disorders, cranial neuralgias and
facial pain (ICHD-1) (Headache Classification Committee of the
International Headache Society (IHS), 1988), The international
classification of headache disorder, 2nd edition (ICHD-2)
(Headache Classification Committee of the International
Headache Society (IHS), 2004) and The international
classification of headache disorder, 3rd edition (ICHD-3)
(Headache Classification Committee of the International
Headache Society (IHS), 2013).

Type of study: Only RCTs evaluating the efficacy and safety of
Chuanxiong formulae for migraine were eligible. Trials that only
mentioned the word “randomization” without any description
of the random allocation process were excluded. Quasi-RCTs
studies, which allocated participants according to the date of
birth, hospital record number, date of admission or identity (ID)
number, were also excluded.

Type of intervention: Herbal formulae that must include the
herb Chuanxiong was used in the experiment group. There was
no limitation on the form of the drug (e.g., liquid, direction, pill,
and capsule), dosage, frequency or duration of the treatment. The
intervention of control groups included placebo or conventional
pharmacotherapy (CP).

Type of outcome measures: The primary outcomes were
evaluated by headache frequency, headache duration, headache
days and pain intensity. The secondary outcomes measurements
were the total clinical effective rate and adverse events.

TG, trigeminal ganglia; TMP, tetramethylpyrazine; TNF-α, tumor necrosis factor
α; TRPA1, transient receptor potential cationic channel ankyrin 1. VIP, Chinese
Science and Technology Periodical Database.
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Exclusion Criteria
Studies were excluded if they did not meet the above eligibility
criteria. Additionally, trials with any one of the following
conditions were excluded: (1) case series, reviews, observation
study, animal researches and pharmacological experiments; (2)
duplicated publications; (3) TCM that were used in both
treatment group and control group. (4) combined with other
CAM therapy, e.g., yoga, massage, Tai Chi, Qigong, acupuncture
and moxibustion.

Study Selection
Two reviewers independently screened the titles and abstracts to
select eligible RCTs. Full text of the studies that potentially met
the predefined criteria were obtained and read. When datasets
overlapped or were duplicated, only the most recent information
was included. Disagreements about the study selection were
resolved by discussing with the corresponding author.

Data Extraction
Two reviewers independently extracted data from the eligible
trials using a pre-designed standard data extract form.
The following details were extracted: (1) publication year
and the first authors’ names, publication language, type of
headache disorders,diagnosis standard; (2) the characteristics of
participants, including number, sex, mean age, course of disease;
(3) treatment information, including details of interventions
management, course of treatment, follow-up period. (4) outcome
measurement and adverse effect. In studies with multiple
comparison groups, the most relevant comparison group was
chosen for analysis. If outcomes were presented from the
studies at different time points, we extracted data from the last
time point of treatment. When there were inconsistencies, the
corresponding author participated in the extraction. And the
original authors of trials were contacted for missing data and
additional information.

Quality Assessment
Methodological quality of included studies was assessed by
using the risk of bias (RoB) tools in accordance with Cochrane
Handbook for Systematic Reviews of Interventions (Higgins
et al., 2011). Seven components were as follows: A. adequate
sequence generation; B. concealment of allocation; C. blinding
(participants and personnel); D. blinding (outcome assessor); E.
incomplete outcome data addressed (ITT analysis); F. selective
reporting; G. other potential threat to validity. Each of these
indicators was categorized as low risk of bias, high risk of bias
and unclear. In the scale of zero to seven, we included the studies
to enter the final analysis only when they met at least four items.
Disagreements between two reviewers about the assessment of
quality of included literatures were solved through consultation
with corresponding authors.

Chuanxiong Formulae Composition
The constituent of Chuanxiong formulae in each included study
was recorded. The frequency of use for specific herb was
calculated and those with cumulative frequencies over 50% are
described in detail.

Data Analysis
Information from eligible studies was aggregated to produce
a quantitative summary using the software Cochrane
Collaboration Review Manage (RevMan 5.3). Continuous
data (headache frequency, headache duration, headache days,
pain intensity scales) were expressed as mean difference (MD) or
standardized mean difference (SMD) whereas dichotomous data
(clinical effective rate) were reported as relative risk (RR) with
95% confidence intervals (CI). Statistical heterogeneity among
trials was assessed using the chi-squared test and I2 statistic. If
no heterogeneity exists (P > 0.1, I2 < 50%), a fixed effect model
(FEM) was applied; otherwise the random effect model (REM)
was generally a more plausible match. Sensitivity analysis was
performed by changing analysis combination to explore the
impact of confounding factors. Meanwhile, in consideration of
the differences in participants, interventions and treatment, the
subgroup analysis was planned to conduct using the Z-test. The
differences between the treatment groups and control groups
were considered to be statistically significant when P < 0.05. If
more than10 studies were included in each outcome, funnel plots
and Egger’s test were used to examine publication bias.

RESULTS

Description of Studies
A total of 7238 studies were retrieved through searching
five electronic databases and other sources. After duplication
removed, 5365 records remained. By screening the titles and
abstracts, 3467 records were excluded; among which 3096 studies
were not related to headache, 31 papers were animal experiments,
15 were mechanism studies and 325 were reviews, protocols,
experiences, or case reports. By reading the full text, 1879
studies were removed, including 131 that had improper control
interventions, 234 that were lack of control group, 54 that have no
full text available, 757 that were not real RCTs, 40 that did not use
Chuanxiong formulae, 121 that were other types of headaches,
472 that contained other CAM therapy, such as acupuncture,
massage or scraping, and 70 that had lowmethodological quality.
Ultimately, 19 eligible studies with Cochrane RoB score ≥4 were
included for this study (Deng et al., 2001; Luo et al., 2001; Hu
et al., 2002; Tan, 2007; Xu, 2011; Fu et al., 2012; Zhang, 2012,
2015; Quan et al., 2013; She, 2013; Cao et al., 2014; Yang, 2014;
Guo, 2015; Liang, 2015; Seng, 2015; He and Zhang, 2016; Liu,
2016; Wang et al., 2017; Zhang and Xu, 2017). A PRISMA flow
chart depicted the search process and study selection (Figure 1).

Study Characteristics
The characteristics of the 19 included trials with 21 comparisons
were summarized in Table 1. All eligible studies were conducted
in China. Two articles published in English (Fu et al., 2012; Cao
et al., 2014), while the rest of articles published in Chinese (Deng
et al., 2001; Luo et al., 2001; Hu et al., 2002; Tan, 2007; Xu, 2011;
Zhang, 2012, 2015; Quan et al., 2013; She, 2013; Yang, 2014;
Guo, 2015; Liang, 2015; Seng, 2015; He and Zhang, 2016; Liu,
2016; Wang et al., 2017). There were 17 RCTs with two arms
(Deng et al., 2001; Luo et al., 2001; Tan, 2007; Xu, 2011; Fu et al.,
2012; Zhang, 2012, 2015; She, 2013; Cao et al., 2014; Yang, 2014;
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FIGURE 1 | Flow diagram of the search process.

Guo, 2015; Liang, 2015; Seng, 2015; He and Zhang, 2016; Liu,
2016; Wang et al., 2017; Zhang and Xu, 2017), 2 RCTs with three
arms (Hu et al., 2002; Quan et al., 2013). Two main diagnostic
criteria for migraine were ICHD-I and ICHD-II.The sample
size of the included studies ranged from 48 to 223, enrolling
a total of 1832 participants, 974 patients in treatment groups
and 858 patients serving as controls. Five studies compared
Chuanxiong formulae alone with placebo (Luo et al., 2001; Xu,
2011; Fu et al., 2012; Cao et al., 2014; Yang, 2014) and 12 studies
compared Chuanxiong formulae with CP (Deng et al., 2001; Hu
et al., 2002; Tan, 2007; Zhang, 2012, 2015; Quan et al., 2013;
She, 2013; Guo, 2015; Liang, 2015; He and Zhang, 2016; Liu,
2016; Wang et al., 2017). Two studies combined Chuanxiong
formulae with CP vs. CP (Seng, 2015; Zhang and Xu, 2017). The
CP all was Flunarizine Hydrochloride. The preparations used
in 19 RCTs with 21 comparisons were administered orally in
decoctions (9 comparisons), granules (7 comparisons), capsules
(2 comparisons) and pills (3 comparisons). The treatment
duration ranged from 1 to 16 weeks. Eleven studies mentioned
the duration of follow-up, which lasted from 1 week to 6 months
(Deng et al., 2001; Hu et al., 2002; Fu et al., 2012; Zhang, 2012;
She, 2013; Cao et al., 2014; Guo, 2015; Liang, 2015; Seng, 2015;
Liu, 2016; Wang et al., 2017).

Description of the Chuanxiong Formulae
The constituent of Chuanxiong formulae in each included study
was detailed in Table 2. Sixty-four herbs were used in the 19
different Chuanxiong formulae. The top 12 most frequently used
herbs were ordinally Rhizoma Ligustici Chuanxiong (sichuan
lovage rhizome), Radix Angelicae Dahuricae (dahurian angelica
root), Ramulus Uncariae Cum Uncis (gambir plant nod),
Herba Asari (manchurian wildginger), Radix Angelicae Sinensis
(Chinese angelica), Scorpio (scorpion), Radix Glycyrrhizae
(liquorice root), Radix Paeoniae Alba (debark peony root),
Flos Carthami (safflower), Radix Cyathulae (medicinal
cyathula root), Radix Paeoniae Rubra (peony root), Rhizoma
Corydalis (yanhusuo), which were used more than 4 times
(Table 3).

RoB
RoB assessment is shown in Table 4. All included studies
were described as “randomized” with appropriate methods of
sequence generation. Twelve studies used a randomnumber table
in the allocation of participants (Deng et al., 2001; Luo et al., 2001;
Hu et al., 2002; Tan, 2007; Quan et al., 2013; She, 2013; Guo, 2015;
Seng, 2015; Zhang, 2015; Liu, 2016; Wang et al., 2017; Zhang and
Xu, 2017); three studies applied Statistical Analysis System (SAS)
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software (Zhang, 2012; Liang, 2015; He and Zhang, 2016); two
studies were central assignment (Xu, 2011; Fu et al., 2012); one
study employed Statistical Product and Service Solutions (SPSS)
software to generate the random numbers (Yang, 2014) and
another one mentioned randomization by computer-generated
stochastic system (Cao et al., 2014). These 19 studies were
assessed to be low RoB in the domain of sequence generation.
One study applied “sealed envelopes” (He and Zhang, 2016)
and two studies applied central allocation concealment in the
trial design (Xu, 2011; Fu et al., 2012). Five studies were double
blindness (Luo et al., 2001; Xu, 2011; Fu et al., 2012; Cao et al.,
2014; Yang, 2014). All studies either had dropouts with adequate
explanations and appropriate methods to treat missing data or
had no dropouts. Finally, 16 out of 19 studies were at low RoB
from other sources including funding, protocols, conflicts of
interest, and baseline balance (Deng et al., 2001; Hu et al., 2002;
Tan, 2007; Xu, 2011; Fu et al., 2012; Zhang, 2012, 2015; Quan
et al., 2013; She, 2013; Yang, 2014; Guo, 2015; Liang, 2015; Seng,
2015; Liu, 2016; Wang et al., 2017; Zhang and Xu, 2017), except
for 3 studies that did not reported available funding or protocols
was therefore at unclear RoB (Luo et al., 2001; Cao et al., 2014;
He and Zhang, 2016).

Effectiveness
Migraine Frequency
Thirteen studies evaluated the frequency of migraine attack in a
month, and data showed a significant reduction both in studies
that compared with placebo (SMD = −0.65, 95% CI −0.93 to
−0.38, P < 0.00001, heterogeneity χ

2 = 8.67, P= 0.07, I2 = 54%,
Figure 2; Luo et al., 2001; Xu, 2011; Fu et al., 2012; Cao et al.,
2014; Yang, 2014) and compared with CP (SMD = −1.05, 95%
CI −1.28 to −0.82, P < 0.00001, heterogeneity χ

2 = 17.95,
P = 0.02, I2 = 55%, Figure 2; Deng et al., 2001; Hu et al., 2002;
Quan et al., 2013; She, 2013; Liang, 2015; Zhang, 2015; Liu, 2016).
Only one study (Zhang and Xu, 2017) compared Chuanxiong
formulae plus CP with CP alone. The result of the study favored
the combined treatment with P < 0.05.

Migraine Duration
There were 12 trials with 14 comparisons reported headache
duration as outcome measure. Meta-analysis demonstrated that
Chuanxiong formulae were significantly better at reducing the
duration of migraine than placebo (SMD = −0.50, 95% CI
−0.68 to −0.32, P < 0.00001, heterogeneity χ

2 = 4.34, P = 0.36,
I2 =8%, Figure 3; Xu, 2011; Fu et al., 2012; Cao et al., 2014;
Yang, 2014) and CP (SMD = −0.76, 95% CI −0.99 to −0.52,
P < 0.00001, heterogeneity χ

2 = 19.50, P = 0.01, I2 = 59%,
Figure 3; Deng et al., 2001; Hu et al., 2002; Quan et al., 2013;
She, 2013; Liang, 2015; He and Zhang, 2016; Liu, 2016). There
was homogeneity for this outcome in the placebo comparison
but not in the Chuanxiong formulae vs. CP comparison. After
excluding one study (Deng et al., 2001) which had relatively
short course of disease, the result still indicated a benefit in the
Chuanxiong formulae groups (SMD −0.62, 95% CI −0.78 to
−0.47, P < 0.00001, heterogeneity χ

2 = 1.47, P = 0.98, I2 =0%).
For the comparison of Chuanxiong formulae plus CP vs. CP,
one study (Zhang and Xu, 2017) demonstrated that combined
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TABLE 2 | The constituent of Chuanxiong formulae in the included studies.

Included trials Chuanxiong formula Ingredients

Latin name English name Chinese name

Cao et al., 2014 Zhengtian pill Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Rhizoma et Radix Notopterygii Incised notopterygium rhizome and root Qianghuo

Radix Saposhnikoviae Divaricate saposhnikovia root Fangfeng

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Semen Persicae Peach seed Taoren

Flos Carthami Safflower Honghua

Radix Angelicae Sinensis Chinese angelica Danggui

Caulis Spatholobi Suberect spatholobus stem Jixueteng

Radix Rehmanniae Recens Unprocessed rehmannia root Dihuang

Radix Angelicae Pubescentis Doubleteeth pubescent angelica root Duhuo

Radix Aconiti Lateralis Preparata Prepared common monkshood branched Fupian

Herba Ephedrae Root ephedra Mahuang

Herba Asari Manchurian wildginger Xixin

Radix Paeoniae Alba Debark peony root Baishao

Fu et al., 2012 Chuanxiong Ding Tong

herbal formula granule

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Cyathulae Medicinal cyathula root Chuanniuxi

Rhizoma Dioscoreae Hypoglaucae Poison yam Chuanbixie

Flos Chrysanthemi Chrysanthemum flower Juhua

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Fructus Tribuli Puncturevine caltrop fruit Baijili

Semen Coicis Coix seed Yiyiren

Fructus Ammomi Rotundus Cardamon fruit Baidoukou

Rhizoma Pinelliae Preparatum Processed pinellia tuber Zhibanxia

Deng et al., 2001 Toutongkang granules Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Flos Carthami Safflower Honghua

Radix Angelicae Sinensis Chinese angelica Danggui

Radix Salviae Miltiorrhizae Danshen root Danshen

Radix Puerariae Kudzuvine root Gegen

Scorpio Scorpion Quanxie

Rhizoma Acori Tatarinowii Grassleaf sweetflag rhizome Shichangpu

Rhizoma Corydalis Yanhusuo Yanhusuo

Guo, 2015 Jiawei sanpian

decotion

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Paeoniae Alba Debark peony root Baizhi

Semen Sinapis Albae Mustard Baijiezi

Rhizoma Cyperi Nutgrass galingale rhizome Xiangfu

Radix Angelicae Dahuricae Dahurian angelica root Baishao

Scorpio Scorpion Quanchong

He and Zhang, 2016 Chuanxiong Chatiao

San and Qianghuo

Shengshi decoction

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Herba Schizonepetae Fineleaf schizonepeta herb Jingjie

Radix Saposhnikoviae Divaricate saposhnikovia root Fangfeng

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Herba Asari Manchurian wildginger Xixin

Herba Menthae Peppermint Bohe

Rhizoma et Radix Notopterygii Incised notopterygium rhizome and root Qianghuo

Fructus Viticis Shrub chastetree fruit Manjingzi

(Continued)
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TABLE 2 | Continued

Included trials Chuanxiong formula Ingredients

Latin name English name Chinese name

Rhizoma Ligustici Chinese lovage Gaoben

Radix Glycyrrhizae Liquorice root Gancao

Hu et al., 2002 a Shutianning granule Rhizoma Gastrodiae Tall gastrodia tuber Tianma

Herba Selaginellae Spikemoss Juanbai

Fructus Gardeniae Cape jasmine fruit Zhizi

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Fructus Aurantii Immaturus Immature orange fruit Zhishi

Concha Margaritifera Nacre Zhenzhumu

Hu et al., 2002 b Fufang Yangjiao

capsule

Cornu Saigae Tataricae Antelope horn Yangjiao

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Radix Polygoni Multiflori Preparata Prepared fleeceflower root Zhishouwu

Liang, 2015 He Jie Zhi Tong

Decoction

Radix Bupleuri Chinese thorowax root Chaihu

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Scutellariae Baical skullcap root Huangqin

Rhizoma Pinelliae Preparata Alum processed pinellia Qingbanxia

Radix Codonopsis Tangshen Dangshen

Rhizoma Atractylodis Macrocephalae Largehead atractylodes rhizome Baishu

Radix Glycyrrhizae Liquorice root Gancao

Os Draconis Bone fossil of big mammals Longgu

Radix Polygalae Milkwort root Yuanzhi

Scorpio Scorpion Quanxie

Scolopendra Centipede Wugong

Liu, 2016 Toutongning pill Radix Astragali seu Hedysari Milkvetch root Huangqi

Radix Paeoniae Rubra Peony root Chishao

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Sinensis Chinese angelica Danggui

Herba Asari Manchurian wildginger Xixin

Luo et al., 2001 Yangxueqingnao

granule

Radix Angelicae Sinensis Chinese angelica Danggui

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Paeoniae Alba Debark peony root Baishao

Radix Rehmanniae Preparata Prepared rehmannia root Shudihuang

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Caulis Spatholobi Suberect spatholobus stem Jixueteng

Spica Prunellae Common selfheal fruit-spike Xiakucao

Semen Cassiae Cassia seed Juemingzi

Concha Margaritifera Nacre Zhenzhumu

Rhizoma Corydalis Yanhusuo Yanhusuo

Herba Asari Manchurian wildginger Xixin

Quan et al., 2013 Tianning yin Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Radix Paeoniae Rubra Peony root Chishao

(Continued)
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TABLE 2 | Continued

Included trials Chuanxiong formula Ingredients

Latin name English name Chinese name

Bombyx Batryticatus Stiff silkworm Jiangcan

Scorpio Scorpion Zhiquanxie

Seng, 2015 Xiaotong decoction Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Herba Asari Manchurian wildginger Xixin

Semen Sinapis Albae Mustard seed Baijiezi

Scorpio Scorpion Quanxie

Radix Glehniae Coastal glehnia root Beishasheng

Fructus Viticis Shrub chastetree fruit Manjingzi

Herba Schizonepetae Fineleaf schizonepeta herb Jingjie

Rhizoma Smilacis Glabrae Glabrous greenbrier rhizome Tufuling

Radix Glycyrrhizae Liquorice root Gancao

She, 2013 Toutongning mixture Rhizoma Gastrodia Tall gastrodia tuber Tianma

Herba Asari Manchurian wildginger Xixin

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Radix Angelicae Sinensis Radix Angelicae Sinensis Danggui

Lumbricus Earthworm Dilong

Radix Achyranthis Bidentatae Twotoothed achyranthes root Niuxi

Tan, 2007 Tongqiao Zhitong pill Olibanum Frankincense Ruxiang

Myrrha Myrrh Moyao

Semen Persicae Peach seed Taoren

Flos Carthami Safflower Honghua

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Bupleuri Chinese thorowax root Chaihu

Radix et Rhizoma Nardostachyos Nardostachys root Gansong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Wang et al., 2017 Pinggan Huoxue

decoction granule

Fructus Tribuli Puncturevine caltrop fruit Jili

Radix Bupleuri Chinese thorowax root Chaihu

Rhizoma Cyperi Nutgrass galingale rhizome Xiangfu

Rhizoma Ligustici Chuanxiongchuan Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Rhizoma Corydalis Yanhusuo Yanhusuo

Radix Paeoniae Alba Debark peony root Baishao

Caulis Polygoni Multiflori Tuber fleeceflower stem Yejiaoteng

Concha Ostreae Oyster shell Muli

Radix Puerariae Kudzuvine root Gegen

Xu, 2011 Migraine granule Rhizoma Ligustici Chuanxiongchuan Sichuan lovage rhizome Chuanxiong

Radix Cyathulae Medicinal cyathula root Chuanniuxi

Rhizoma Dioscoreae Hypoglaucae Poison yam Chuanbixie

Flos Chrysanthemi Chrysanthemum flower Juhua

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Fructus Tribuli Puncturevine caltrop fruit Jili

Semen Coicis Coix seed Yiyiren

(Continued)
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TABLE 2 | Continued

Included trials Chuanxiong formula Ingredients

Latin name English name Chinese name

Fructus Ammomi Rotundus Cardamon fruit Baidoukou

Rhizoma Pinelliae Preparatum Processed pinellia tuber Fabanxia

Yang, 2014 Wind-dispelling and

Pain-relieving capsule

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Fructus Evodiae Medicinal evodia fruit Wuzhuyu

Herba Menthae Peppermint Bohenao

Zhang and Xu, 2017 Xiongchong sanpian

decoction

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Scorpio Scorpion Quanxie

Ramulus Uncariae Cum Uncis Gambir plant nod Gouteng

Radix Salviae Miltiorrhizae Danshen root Danshen

Radix Achyranthis Bidentatae Twotoothed achyranthes root Niuxi

Eupolyphaga Seu Steleophaga Ground beetle Tubiechong

Rhizoma Corydalis Yanhusuo Yanhusuo

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Herba Asari Manchurian wildginger Xixin

Fructus Viticis Shrub chastetree fruit Manjinzi

Radix Glycyrrhizae Liquorice root Gancao

Zhang, 2012 Xiongzhi Zhentong

granules

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Sinensis Chinese angelica Danggui

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Bombyx Batryticatus Stiff silkworm Jiangcan

Radix Glycyrrhizae Liquorice root Gancao

Zhang, 2015 Shugan Tongluo II

prescription

Radix Angelicae Sinensis Chinese angelica Danggui

Radix Paeoniae Alba Debark peony root Baishao

Rhizoma Gastrodiae Tall gastrodia tuber Tianma

Cornu Bubali Buffalo horn Shuiniujiao

Rhizoma Ligustici Chuanxiong Sichuan lovage rhizome Chuanxiong

Radix Angelicae Dahuricae Dahurian angelica root Baizhi

Flos Carthami Safflower Honghua

Herba Asari Manchurian wildginger Xixin

treatment had better effect than conventional medicine alone
(P < 0.05).

Migraine Days
Four studies analyzed showed a statistically significant difference
in the outcome of migraine days. For two multi-center RCTs (Fu
et al., 2012; Cao et al., 2014) that compared Chuanxiong formulae
with placebo, the data of migraine days in Chuanxiong formulae
was significantly lower (MD = −0.74, 95% CI −1.30 to −0.18,
P = 0.01, heterogeneity χ

2 = 0.08, P = 0.78, I2 = 0%, Figure 4).
For comparisons with CP, there was a benefit for the Chinese
herbal medicine (CHM) group as well (MD = −0.50, 95% CI
−0.80 to −0.20, P = 0.001, heterogeneity χ

2 = 0.00, P = 1.00,
I2 = 0%, Figure 4; She, 2013; Liang, 2015).

Pain Intensity

Pain intensity of migraine was observed in 14 studies. Pooled
data showed that Chuanxiong formulae were significantly better
at relieving the pain compared with placebo in 3 studies
(SMD = −0.71, 95% CI −0.98 to −0.43, P < 0.00001,
heterogeneity χ

2 = 1.45, P = 0.48, I2 = 0%, Figure 5; Xu,
2011; Fu et al., 2012; Yang, 2014) and with CP in 10 studies
(SMD = −0.67, 95% CI −0.84 to −0.47, P < 0.00001,
heterogeneity χ

2 = 22.59, P = 0.02, I2 = 51%, Figure 5; Deng
et al., 2001; Hu et al., 2002; Zhang, 2012, 2015; Quan et al., 2013;
She, 2013; Guo, 2015; Liang, 2015; Liu, 2016; Wang et al., 2017).
One study (Zhang and Xu, 2017) indicated that the pain score of
CHM plus CP groups was significantly lower than that of the CP
group (P < 0.05).
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TABLE 3 | Analysis of the top 12 frequency Chinese herb medicine in treatment of migraine.

Herb name Latin (English) Frequency The total frequency (%) Cumulative percentiles (%)

Rhizoma Ligustici Chuanxiong (sichuan lovage rhizome) 21 12.14 12.14

Radix Angelicae Dahuricae (dahurian angelica root) 16 9.25 21.39

Ramulus Uncariae Cum Uncis (gambir plant nod) 9 5.20 26.59

Herba Asari (manchurian wildginger) 8 4.62 31.21

Radix Angelicae Sinensis (Chinese angelica) 7 4.05 35.26

Scorpio (scorpion) 6 3.47 38.73

Radix Glycyrrhizae (liquorice root) 5 2.89 41.62

Radix Paeoniae Alba (debark peony root) 5 2.89 44.51

Flos Carthami(safflower) 4 2.31 46.82

Radix Cyathulae (medicinal cyathula root) 4 2.31 49.13

Radix Paeoniae Rubra (peony root) 4 2.31 51.45

Rhizoma Corydalis (yanhusuo) 4 2.31 53.76

TABLE 4 | Risk of bias assessments for included studies.

Included studies A B C D E F G Total

Cao et al., 2014 + ? + ? + ? + 4

Deng et al., 2001 + ? – ? + + + 4

Fu et al., 2012 + + + ? + + + 6

Guo, 2015 + ? – ? + + + 4

He and Zhang, 2016 + + – ? + ? + 4

Hu et al., 2002 + ? – + + + + 5

Liang, 2015 + ? – ? + + + 4

Liu, 2016 + ? – ? + + + 4

Luo et al., 2001 + ? + ? + ? + 4

Quan et al., 2013 + ? – ? + + + 4

Seng, 2015 + ? – ? + + + 4

She, 2013 + ? – ? + + + 4

Tan, 2007 + ? – ? + + + 4

Wang et al., 2017 + – – – + + + 4

Xu, 2011 + + + ? + + + 6

Yang, 2014 + ? + ? + – + 4

Zhang and Xu, 2017 + – – – + + + 4

Zhang, 2012 + ? – ? + + + 4

Zhang, 2015 + ? – ? + + + 4

A, adequate sequence generation; B, concealment of allocation; C, Blinding of

participants and personnel; D, Blinding of out-come assessment; E, Incomplete out-come

data; F, Selective reporting; G, Other bias;+, low risk of bias, –, high risk of bias, ?, unclear

risk of bias.

The Total Clinical Efficacy Rate
The total clinical efficacy rate was reported in 16 studies with
18 comparisons. There were significant improvement comparing
Chuanxiong formulae with placebo (RR = 3.55, 95% CI 2.44–
5.17, P < 0.00001, heterogeneity χ

2 = 0.13, P = 0.94, I2 = 0%,
Figure 6; Luo et al., 2001; Xu, 2011; Yang, 2014). Compared
with CP, the pooled data showed that Chuanxiong formulae was
superior to CP (RR = 1.25, 95% CI 1.18–1.33, P < 0.00001,
heterogeneity χ

2 = 20.27, P =0.06, I2 = 41%, Figure 6; Deng
et al., 2001; Hu et al., 2002; Tan, 2007; Zhang, 2012; Quan et al.,

2013; She, 2013; Guo, 2015; Liang, 2015; He and Zhang, 2016; Liu,
2016; Wang et al., 2017). Two studies (Seng, 2015; Zhang and
Xu, 2017) showed that there was a benefit for the Chuanxiong
formulae plus CP group when compared with CP (RR = 1.24,
95% CI 1.06–1.45, P = 0.007, heterogeneity χ

2 = 0.01, P = 0.91,
I2 = 0%, Figure 6).

Adverse Events
Sixteen out of 19 studies (Luo et al., 2001; Hu et al., 2002;
Tan, 2007; Xu, 2011; Fu et al., 2012; Zhang, 2012, 2015; Quan
et al., 2013; She, 2013; Cao et al., 2014; Yang, 2014; Guo, 2015;
Seng, 2015; Liu, 2016; Wang et al., 2017; Zhang and Xu, 2017)
reported the adverse events occurring during the treatment, in
which a total of 61/742 (8.22%) patients suffered adverse events
in the trial groups and 56/623 (8.99%) patients did so in control
groups, and the rest three studies (Deng et al., 2001; Liang, 2015;
He and Zhang, 2016) did not mention any information about
adverse events. Ten studies (Tan, 2007; Xu, 2011; Zhang, 2012,
2015; Quan et al., 2013; Yang, 2014; Guo, 2015; Seng, 2015; Liu,
2016; Wang et al., 2017) stated that no adverse event happened
during the treatment. In the 3 studies (Luo et al., 2001; She,
2013; Cao et al., 2014) with adequate information of adverse
events, 40 cases reported that there were adverse reactions
of the gastrointestinal reactions including indigestion, bloating
and flatulence, epigastric pain, abdominal pain, constipation,
vomiting and nausea in the experimental group, whereas it was
occurred in 38 cases in the control group. Adverse reactions of
nervous system such as somnolence, insomnia, dizziness is the
second most frequent, 13 cases in trial groups and 15 cases in
control groups. Adverse events of all studies were generally mild
both in the Chuanxiong formulae and control groups. One study
(Luo et al., 2001) reported that a patient suffered severe chest
congestion and nausea, but the investigator did not consider the
event to be related to study medication.

Publication Bias
Funnel plots were reviewed for four outcomes (Figure 7). The
results showed symmetrical distribution for the outcomes of
migraine frequency (Egger’s test t = −1.17, 95% CI −6.58 to
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FIGURE 2 | The forest plot of the efficacy of Chuanxiong formulae on the migraine frequency. CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

FIGURE 3 | The forest plot of the efficacy of Chuanxiong formulae on the migraine duration. CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

1.95, p = 0.263), migraine duration (Egger’s test t = −1.27,
95% CI −5.44 to 1. 42, p = 0.227), and pain intensity (Egger’s
test t = −0.96, 95% CI −4.79 to 1.82, P = 0.352), which did
not suggest an obvious publication bias. However, there was a

significant bias in the total clinical efficacy rate with Egger’s test
(t = 6.37, 95% CI 2.58 to 5.16, p < 0.001). Because the number
of studies in the outcome of migraine days was limited (n = 4),
funnel plot and Egger’s test were not appropriate.
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FIGURE 4 | The forest plot of the efficacy of Chuanxiong formulae on the migraine days. CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

FIGURE 5 | The forest plot of the efficacy of Chuanxiong formulae on pain intensity. CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

DISCUSSION

Summary of Evidence

A former review (Zhou et al., 2013) published in 2013 found some
evidence of supporting the use of TCM for migraine; however
the poor methodological quality and significant publication
bias prevented the author making firm conclusions. Our
previous review (Li et al., 2015) in 2015 also demonstrated
that Chuanxiong Chadiao powder may be effective and
safe for the treatment of headache. This is a systematic

review of 19 high-quality RCTs with 1832 participants to
determine the efficacy and safety of Chuanxiong formulae
for migraine. The present study indicated that Chuanxiong
formulae provided statistically significant benefits in terms of
reducing frequency, duration, days, pain severity of migraine
and improving the total clinical efficacy rate. In addition,
Chuanxiong formulae appeared to be generally safe and well
tolerated. Current evidence supported that Chuanxiong formulae
could be an alternative drugs for the symptom treatment of
migraine.
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FIGURE 6 | The forest plot of the efficacy of Chuanxiong formulae on the clinical efficacy rate. CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

Limitations
There are several limitations in the primary studies. Firstly,
although we included the high-quality RCTs according to a
cumulative score of at least 4 out of 7 for the Cochrane RoB
tool domains, the methodological details was still not adequate
in some studies. Only 3 studies (Xu, 2011; Fu et al., 2012;
He and Zhang, 2016) described a proper method of allocation
concealment and 5 studies (Luo et al., 2001; Xu, 2011; Fu
et al., 2012; Cao et al., 2014; Yang, 2014) employed the blinding
procedure. Some studies were unable to be blinded, due to the
fact that TCM is special in color, smell and taste, in contrast to
the standard capsule of Flunarizine Hydrochloride. However, no
study used a double-dummy technique to reduce the difference
of drugs between the experiment and control groups. Blinding
makes it difficult to bias results intentionally or unintentionally
and helps ensure the credibility of study conclusions (Day
and Altman, 2000). In addition, the intervention of trials with
inadequate allocation concealment is 18% more “beneficial” than
in trials with adequate concealment (Higgins and Green, 2011).

Secondly, migraine affects approximately 18% of women and 6%
of men (Lipton et al., 2007). The ratio of gender is amplified
in the included RCTs. This gender selection bias should be
avoided by recruiting males to an extent. Thirdly, relatively
long treatment periods could increase the power of the trial by
providing more stable estimates for the efficacy of Chuanxiong
formulae. However, the treatment duration ranged from 1 to
16 weeks. The long-term safety of Chuanxiong formulae for
headache could not be determined because follow-up period in
the studies ranged from 1 week to 6 months. Guidelines for
controlled trials of drugs in migraine recommends that treatment
periods is no less than 3 months in phase II RCTs and up to 6
months in phase III trials, and every 4 weeks visits is necessary
(Tfelt-Hansen et al., 2012). Fourthly, due to the context in terms
of traditional culture and the barrier of language, all RCTs were
in English or in Chinese and have been conducted in Chinese
population, which restricts the generalizability of the findings.
Fifthly, migraine treatment can be divided into acute treatment
and preventive treatment (Antonaci et al., 2016). It is difficult
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FIGURE 7 | The funnel plots of the efficacy of Chuanxiong formulae on the migraine frequency (A), migraine duration (B), pain intensity (C), and the clinical efficacy

rate (D). CXF, Chuanxiong formulae; CP, conventional pharmacotherapy.

to differentiate the effectiveness of Chuanxiong formulae in two
kinds of treatments because the weakness rooted in primary
studies. In fact, acute treatment is focused on single episodes
of headache and no RCTs were designed specifically for acute
treatment of Chuanxiong. Thus, further particular trial design of
acute treatment of Chuanxiong is needed.

Implications for Practice
The use of TCM in treating many common neurological
ailments has been paid more attention over the years (Ma
et al., 2009). Chuanxiong is widely used in TCM for headache.
The main active ingredients of Chuanxiong for migrain include
tetramethylpyrazine (TMP), senkyunolide A, ferulic acid (FA)
and ligustilide (Ran et al., 2011). The significant pharmacological
activities of Chuanxiong and its main compounds are as follows:
(1) Antioxidant effects: TMP, FA and ligustilide could reduce
the production of intracellular reactive oxygen species (ROS)
and nitric oxide (NO), and the expression of inducible nitric
oxide synthase (iNOS) (Wong et al., 2007; Chung et al., 2012;
Zheng Z. et al., 2013; Cao et al., 2015; Ren et al., 2017).
TMP and FA inhibit the activity of NADPH oxidase via ERK
signaling pathway and NF-κB pathway respectively (Wong et al.,
2007; Cao et al., 2015). (2) Antiinflammatory effects: TMP,
senkyunolide A and ligustilide could down regulate the activation
and proliferation of astrocytic, the production and bioactivity
of tumor necrosis factor α (TNF-α), and the expression of
cyclooxygenase-2 (COX-2) protein (Liu et al., 2005; Chung et al.,
2012; Feng et al., 2012; Jiang et al., 2017). (3) Antiapoptotic
effects: Ligustilide prevented neuronal apoptosis in both parietal
cortex and hippocampus through regulation of mitochondrion

metabolism (Feng et al., 2012) TMP could decrease the levels
of miR-214-3p and increase the expression level of Bcl2l2
(Fan and Wu, 2017). FA was mainly through TLR4/MyD88
signaling pathway and NF-kB pathway (Cao et al., 2015; Ren
et al., 2017). (4) Antinociceptive effects: TMP could inhibit the
expression of P2X3 receptor in the trigeminal ganglia (TG),
exhibiting potential effect on pain relief (Xiong et al., 2017).
Ligustilide could activate the transient receptor potential cationic
channel ankyrin 1 (TRPA1) (Zhong et al., 2011) and display
high affinities with 5-hydroxytryptamine (5-HT) 1D receptors
(Du et al., 2015) and 5-HT 7 receptors (Deng et al., 2006),
regulating the release of calcitonin gene-related protein (CGRP)
which can cause vasodilatation. Thus, Chuanxiong formulae
are likely to be multi-targeting therapy for the multi-hit driven
migraine pathogenesis. However, it remains to clarify the nature
of the ingredients of the mixture and the mechanisms of
action of Chuanxiong. This should be the object of further
studies.

Implications for Further Studies
Firstly, we suggested that the protocol of clinical trials must
register in clinical trials registry platform and CONSORT
2010 statement should be applied in trial reporting and
publication. Secondly, in order to facilitate more reliable
comparison of study results, more consistency in the use of
the international standard on migraine clinical trials, such
as guidelines for controlled trials of drugs in migraine:
3rd edition, which consist of the following parts: selection
of patients, trial design, evaluation of results and statistics
(Tfelt-Hansen et al., 2012). The type of migraine should be
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illustrated definitely in trials, which could give precise evidence
for clinic. Meanwhile, we also recommend the appropriate
sample size that calculated before enrollment, ideal length of
treatment and follow-up, adequate randomization methods,
sufficient blinding, and intent-to-treat (ITT) analyses in future
RCTs. Thirdly, Radix Angelicae Dahuricae, Ramulus Uncariae
Cum Uncis, Herba Asari, Radix Angelicae Sinensis, and
Scorpio were the most frequently used herbs, which should
be considered firstly when formulating optimal combination
of Chuanxiong with other herbal ingredients. Finally, the
exact pathomechanism of migraine and the pharmacological
mechanism of Chuanxiong remain largely unknown, which
should be further investigated.

CONCLUSION

The present findings indicated that Chuanxiong formulae
provided statistically significant benefits for migraine and were

generally safe. Thus, the available evidence of present study
supported the alternative use of Chuanxiong formulae for
migraine.
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Ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist, has been postulated

as an adjuvant analgesic for preventing remifentanil-induced hyperalgesia after surgery.

This systematic review and meta-analysis aims to assess the effectiveness of ketamine

[racemic mixture and S-(+)-ketamine] in reducing morphine consumption and pain

intensity scores after remifentanil-based general anesthesia. We performed a literature

search of the PubMed, Web of Science, Scopus, Cochrane, and EMBASE databases

in June 2017 and selected randomized controlled trials using predefined inclusion and

exclusion criteria. To minimize confounding and heterogeneity, studies of NMDA receptor

antagonists other than ketamine were excluded and the selected studies were grouped

into those assessing minor or major surgery. Methodological quality was evaluated

with the PEDro and JADA scales. The data were extracted and meta-analyses were

performed where possible. Twelve RCTs involving 156 adults who underwent minor

surgery and 413 adults who underwent major surgery were included in themeta-analysis.

When used as an adjuvant to morphine, ketamine reduced postoperative morphine

consumption in the first 24 h and postoperative pain intensity in the first 2 h in the minor

and major surgery groups. It was also associated with significantly reduced pain intensity

in the first 24 h in the minor surgery group. Time to the first rescue analgesia was longer in

patients who received ketamine and underwent major surgery. No significant differences

in the incidence of ketamine-related adverse effects were observed among patients in

the intervention group and controls. This systematic review and meta-analysis show that

low-dose (≤0.5 mg/kg for iv bolus or ≤5 µg/kg/min for iv perfusion) of ketamine reduces

postoperative morphine consumption and pain intensity without increasing the incidence

of adverse effects.

Keywords: remifentanil, ketamine, minor surgery, mayor surgery, NMDA antagonist, meta-analysis
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INTRODUCTION

Management of chronic postsurgical pain remains a challenge
for anesthesiologists and surgeons. Approximately 240 million
surgical procedures are performed worldwide each year, and
an estimated 12% of patients still report moderate to intense
pain 1 year after surgery (Fletcher et al., 2015). Inadequately
treated pain could be considered an adverse postoperative effect,
as it can lead to longer hospital stays, higher costs, and lower
patient satisfaction (Shipton, 2014). Acute postoperative pain is
also a risk factor for the development of chronic postsurgical
pain (Perkins and Kehlet, 2000), and the relationship appears
to be directly proportional, with more intense or longer-lasting
pain linked to a higher incidence of chronic pain (Mion and
Villevieille, 2013; Pozek et al., 2016; Reddi, 2016).

Remifentanil is a widely used general anesthesia thanks to
its pharmacodynamic and pharmacokinetic properties (Kim
et al., 2015). Its potency as an opioid agonist combined with a
short elimination half-life without accumulating with prolonged
infusion allows anesthesiologists to maintain hemodynamic
stability during surgery without risk of delayed awakening.
Intraoperative remifentanil infusion has, however, been
associated with opioid-induced hyperalgesia (Joly et al., 2005;
Fletcher and Martinez, 2014).

The N-methyl-D-aspartate (NMDA) receptor is believed to
play an important role in the pathophysiology of opioid-induced
hyperalgesia (Mao et al., 1995; Mayer et al., 1999; Williams
et al., 2001; Ossipov et al., 2005; Angst and Clark, 2006;
Mao, 2006). Ketamine is a non-competitive NMDA receptor
antagonist (Mion and Villevieille, 2013) authorized by the U.S.
Food and Drug Administration as an anesthetic drug and it is
used in multimodal analgesia regimens to improve postoperative
pain control (Chou et al., 2016). The classic anesthetic effect
of ketamine is described as a dose-dependent central nervous
system (CNS) depression that leads to a dissociative state
characterized by profound analgesia and amnesia but not
necessarily loss of consciousness (Kohrs and Durieux, 1998).
The use of low subanesthetic doses of ketamine (no more than
1 mg/kg iv bolus or 20 µg/kg/min continuous infusion) as an
adjuvant to morphine in postoperative multimodal analgesia
regimens (Schmid et al., 1999) is supported by several lines
of evidence: (i) the mechanism of action of ketamine and
the importance of the NMDA neurotransmission system in
nociceptive processing (Bell et al., 2015); (ii) evidence that
ketamine potentiates the analgesic effects of opioids, suggesting
that it could reduce acute postoperative pain and minimize
opioid consumption (Carstensen and Möller, 2010; Song et al.,
2013); and (iii) the low toxicity of subanesthetic doses of
ketamine (Michelet et al., 2007). In addition, recent studies
have attributed additional antihyperalgesic, neuroprotective,
antidepressant, and anti-inflammatory effects to ketamine based
on its interaction with multiple other receptors, such as AMPA,
kainate, gamma-aminobutyric acid (GABA), opiate, muscarinic,
as well as voltage-gated sodium and hyperpolarization-activated
cyclic nucleotide-gated channels (Zanos et al., 2018). The isomer
S(+)-ketamine (also named Esketamine) is reported to be twice
as potent as the racemic mixture as an anesthetic (Zanos et al.,

2018). Despite these seemingly “ideal” qualities of ketamine,
however, contradictory results have been reported for the efficacy
of ketamine in multimodal perioperative analgesia regimens.

We wondered if there was clinical evidence supporting the
use of perioperative ketamine to improve postoperative pain
after remifentanil-based anesthesia in adults. To our knowledge,
only two meta-analyses, each analyzing 14 randomized controls
trials (RCTs), have been conducted (Liu et al., 2012; Wu
et al., 2015) and they reported conflicting findings One of the
analyses found no significant evidence that NMDA antagonists
prevented remifentanil-associated hyperalgesia (Wu et al., 2015),
while the other one showed that ketamine significantly reduced
postoperative pain and cumulative morphine consumption (Wu
et al., 2015). This benefit was also found in a meta-analysis of the
addition of ketamine to morphine in patient-controlled analgesia
devices (Assouline et al., 2016). The contradictory results could
be partly due to the fact that themeta-analyses did not distinguish
between different types of surgery.

The aim of this systematic review and meta-analysis was
to evaluate the influence of perioperative ketamine within a
multimodal analgesia regimen in adults undergoing surgery,
distinguishing between minor and major procedures and
excluding studies of NMDA antagonists other than ketamine to
minimize confounding and heterogeneity.

MATERIALS AND METHODS

We performed a systematic review of the literature in accordance
with the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement.

Eligibility Criteria
An initial database search was undertaken to identify RCTs
examining the use of perioperative low-dose ketamine in
remifentanil-based general anesthesia for major or minor
surgery. Only studies that were performed in adults and
used morphine as a postoperative analgesic were eligible for
inclusion. RCTs reporting on postoperative cumulativemorphine
consumption, pain intensity, pain outcomes, and adverse opioid
or ketamine effects were considered.

TABLE 1 | Search strategies and results in each bibliographic database.

Database Search Query Results

PubMed ((“Remifentanil” [Supplementary Concept]) AND

“Ketamine”[Mesh]) AND “Hyperalgesia”[Mesh]

19

Cochrane Remifentanil AND Ketamine AND Hyperalgesia

Refined by: Document Types: Trials

36

Web of science TS=(Remifentanil AND Ketamine AND

Hyperalgesia)

Refined by: Databases: Core Collection AND

Document Types: Clinical Trials

57

Scopus TITLE-ABS-KEY (Remifentanil AND Ketamine

AND Hyperalgesia)

Refined by: Document Types: Articles

58
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TABLE 2 | Details of the selected studies.

Author Year Sample size

(K/control)

Ketamine protocol Remifentanil

infusion rate

Procedure N20 Anesthesia

maintenance

Postoperative

analgesia

Aubrun et al. 2008 45/45 0.5 mg/kg iv before

surgical incisión +

5 mg/ml postoperative

PCA

0.5 µg/kg/min Gynecological

surgery

NO Propofol Morphine PCA

Ganne et al. 2005 30/31 0.15 mg/kg iv +

2 µg/kg/min

0.25 µg/kg/min ENT surgery NO Propofol Morphine PCA+

Paracetamol 1 g/6 h+

methylprednisolone 2

mg/kg/dia

Guignard

et al.

2002 25/25 0.15 mg/kg iv +

2 µg/kg/min

0.25 µg/kg/min Open

colorrectal

surgery

NO Desfluorane Morphine PCA

Hadi et al. 2013 30/15 1 µg/kg/min

(±1 µg/kg/min

postoperative)

0.2 µg/kg/min Lumbar

microdiscectomy

Yes Sevofluorane Morphine PCA

Hadi et al. 2010 15/15 1 µg/kg/min 0.2 µg/kg/min Spinal fusion YES Sevofluorane Morphine Pump

Jaksch et al. 2002 15/15 0.5 mg/kg iv +

2 µg/kg/min

0.5 µg/kg/min Arthroscopic

ACL repair

NO Propofol Morphine PCA

Joly et al. 2005 24/25 0.5 mg/kg iv

+5 µg/kg/min+

2 µg/kg/min

postoperative infusion

0.4 µg/kg/min Abdominal

surgery

NO Desfluorane Morphine PCA

Leal et al. 2015 28/28 5 µg/kg/min 0.4 µg/kg/min Laparoscopic

cholecystectomy

NO Isoflourane Morphine PCA

Lee et al. 2014 20/20 0.3 mg/kg+

3 µg/kg/min

4 ng/ml Laparoscopic

cholecystectomy

NO Sevofluorane Morphine PCA

Sahin et al. 2004 17/16 0.5 mg/kg iv 0.1 µg/kg/min Lumbar disk

operation

YES Desfluorane Morphine PCA

Van Elstraete 2004 20/20 0.5 mg/kg iv +

2 µg/kg/min

0.25 µg/kg/min Tonsillectomy NO Propofol Morphine i.v.

Yalcin et al. 2012 30/30 0.5 mg/kg 0.4 µg/kg/min Total

abdominal

hysterectomy

NO Desfluorane Morphine PCA

Information Sources and Search
A search of the PubMed, Web of Science, Scopus, and Cochrane
databases was performed in June 2017. Only articles written in
English or Spanish were included. The search queries used for
each database are shown in Table 1.

Study Selection
Two reviewers (JFGH and JAMM) independently performed the
search and assessed the suitability of the articles for inclusion.
In the event of disagreement, the reviewers discussed the
discrepancies and decided whether or not to include the article.
If they were unable to reach an agreement, a third reviewer
(AS) was involved. In a pre-selection phase, the abstracts of all
the articles retrieved by the literature search were screened for
eligibility. Potentially eligible studies were then assessed in depth
by examining the full text prior to inclusion.

Data Collection Process
Relevant data from selected articles were extracted and recorded
in a purpose-designed spreadsheet by a single author (JFGH)
using a standardized procedure. The authors of one original
article that met the inclusion criteria but had some missing

information on means and standard deviation were contacted
twice by e-mail, but they did not reply (Hong et al., 2011). The
information extracted by JFGH was independently reviewed by
two authors (JAMM and AS).

Data Items
The following data were extracted from each study: study
design, study population, ketamine and remifentanil
regimens, description of the intervention or control and
experimental groups, type of surgical procedure, postoperative
analgesia strategies, follow-up period, and outcome measures
(Table 2).

Primary endpoints were cumulative morphine consumption
(mg) in the first 24 h and pain intensity at 0, 2, 4, 12, and 24 h.
Pain intensity was statistically standardized on a 0–10 cm visual
analog scale (VAS). Due to the small number and heterogeneous
nature of the articles selected, there were only two secondary
endpoints: time to the first rescue analgesia and presence of
ketamine or opioid adverse effects. Patient satisfaction and
psychotic adverse effects in minor surgery were excluded from
the meta-analysis as we were unable to obtain the missing data
from the authors.

Frontiers in Pharmacology | www.frontiersin.org 3 August 2018 | Volume 9 | Article 92185

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


García-Henares et al. Ketamine on Postoperative Pain

Risk of Bias
The methodological quality of the RCTs was analyzed using
the PEDro (Maher et al., 2003) and Jadad (Clark et al., 1999)
scales. The PEDro scale is an 11-item scale that assesses (i)
notification of selection criteria, (ii) allocation of subjects to
groups at random, (iii) concealment of allocation, (iv) similarity
among groups at baseline in relation to the most important
prognostic indicators, (v) blinding of participants, (vi) blinding
of researchers/therapists, (vii) blinding of researchers measuring
at least one key outcome, (viii) proportion of initial participants
that contribute measures to the key results, (ix) compliance of
the intervention assigned by the participants, (x) presentation of
statistical comparisons between the groups, and (xi) presentation
of specific measures and variability of the key results. One
point is assigned to each criterion, except for (i), which is
not included in the final score. The total possible score thus
ranges from 0 to 10. Scores of 9 to 10 indicate excellent
quality, 6to 8 good quality, 4 to 5 fair quality, and <4 poor
quality (Gordt et al., 2018). With the Jadad scale, studies
receive a score of 0–5 points (with higher scores representing
higher methodological quality) depending on whether they (i)
are described as randomized or doubled blind, (ii) use an
appropriate randomization sequence or blinding procedure, and
(iii) provide detailed information on withdrawals and dropouts.
As studies of low methodological quality may overestimate
treatment benefits (Moher et al., 1998), we only included studies
with a PEDro score of 6 or higher (Clark et al., 1999) and
a Jadad score of 3 or higher (Kang et al., 2018; Annex 1 in
Supplementary Material).

Statistical Analysis
The 12 RCTs were grouped into 16 subgroups according to effect
size and type of surgery (major orminor) (Table 3). A study could
belong to more than one group if it reported more than one
effect size or it analyzed both major and minor surgery. Studies
could also appear more than once in the same subgroup if they
performed comparisons with different groups under the same
conditions.

The effect sizes considered were pain intensity measured on
a 10-point VAS, where 0 indicated no pain and 10 indicated
the worst possible pain; morphine consumption (mg); time to
first rescue with analgesia (minutes); incidence of postoperative
nausea and vomiting (PONV); and incidence of ketamine-related
adverse events. All the RCTs compared the administration of
ketamine and morphine (intervention group) vs. morphine only
(control group).

A meta-analysis was carried out in each subgroup to
compare the effect size between the intervention and
control group. Standardized mean differences (SMDs) and
95% confidence intervals (CIs) were used for continuous
variables (VAS, morphine consumption, and time to first
rescue analgesia), while relative risk (RR) and 95% CIs
were used for the incidence of PONV and psychotic events
(anxiety, visual disturbances, impairment of cognitive
functioning or florid psychotics symptoms like delirium
or hallucinations). The significance level was set at
p < 0.05.

Heterogeneity was determined using the Dersimonian and
Laird test and the Cochran Q statistic. A fixed-effects model was
used for studies with homogeneity and a random-effects model
was used when there was significant heterogeneity. The latter
accounts for variability due to differences between studies. The
results of the meta-analyses are shown in forest plots. The plots
show the differences between the intervention and control groups
for mean values, and RRs, showing overall measures, together
with the corresponding confidence intervals. Publication bias was
analyzed (only in subgroups with three or more studies) using
the Begg test (Z statistic) and the Egger test (t statistic). Finally,
a sensitivity analysis was carried out to study the contribution
of each study to the overall effect estimate. The analyses were
carried out using the statistical software program EPIDAT 3.1.
(Table 3).

RESULTS

Study Selection
The preliminary search identified 170 articles including 15 RCTs
potentially responding to the inclusion criteria (Figure 1). Two
of the RCTs were excluded because morphine was not used for
postoperative analgesia (Launo et al., 2004; Choi et al., 2015)
and one was excluded because the manuscript was written in
Chinese (Launo et al., 2004). Twelve RCTs involving 569 adults
were therefore included in the systematic review.

The effects of ketamine and remifentanil-induced
hyperalgesia have been analyzed in two relatively recent
meta-analyses: one by Liu et al. (2012) in 2012 and another
by Wu et al. (2015) in 2015. Compared with Liu et al. (2012),
we studied five additional RCTs and excluded seven (Liu et al.,
2012), while compared with Wu et al. (2015), we studied
four additional RCTs and excluded six (Wu et al., 2015). The
studies were excluded because they included children, NMDA
receptor antagonists other than ketamine (magnesium sulfate
and amantadine), or postoperative opioids other than morphine.

Study Characteristics
The 12 RCTs were published between 2002 and 2015 (Table 2)
and had been conducted in six countries: France (Moher et al.,
1998; Clark et al., 1999; Maher et al., 2003; Launo et al., 2004;
Ganne et al., 2005; Joly et al., 2005; Yu et al., 2005; Choi et al.,
2015; Gordt et al., 2018; Kang et al., 2018), Austria (Jaksch et al.,
2002), Jordan (Hadi et al., 2010, 2013), Brazil (Leal et al., 2015),
Korea (Lee et al., 2014), and Turkey (Sahin et al., 2004; Yalcin
et al., 2012). Nine RCTs involving 413 patients were assigned
to the major surgery group while three involving 156 patients
were assigned to the minor surgery group. Although all 12 RCTs
used morphine to control postoperative pain, the administration
regimens varied. Eight studies administered morphine via a
patient-controlled analgesia system (Schmid et al., 1999; Jaksch
et al., 2002; Sahin et al., 2004; Joly et al., 2005; Hadi et al., 2010,
2013; Kim et al., 2014; Lee et al., 2014; Roeckel et al., 2016; one of
these also used paracetamol, Ganne et al., 2005) and two did not
specify the type of pump (Reddi, 2016) or infusion system used
(Van Elstraete et al., 2004).
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TABLE 3 | Characteristics of subgroups included in the meta-analysis.

Subgroup Trials included Effect size Heterogeneity test Model Publication bias*

1 Van Elstraete et al., −30min

2004

Leal et al., −30min 2015

Van Elstraete et al., −1 h 2004

Leal et al., −1 h 2015

Van Elstraete et al., −2 h 2004

Leal et al., −2 h 2015

VAS 0–2 h

Minor surgery

Heterogeneity

Q = 225.2737; df = 5; p < 0.001

Random effects No bias

Z = 1.5029; p = 0.1329

T = −1.3473; p = 0.2492

2 Assouline et al., −1 h (2002)

Jaksch et al., −2 h (2002)

Aubrun et al., 0–30min (2008)

VAS 0–2 h

Major surgery

Homgeneity

Q = 1.1184; df = 2; p = 0.5717

Fixed effects No bias

Z < 0.001; p > 0.999

T = 1.2596; p = 0.4272

3 Van Elstraete et al., 2004

Leal et al., 2015

VAS4h

Minor surgery

Heterogeneity

Q = 14.7884; df = 1; p = 0.001

Random effects –

4 Joly et al., 2005

Ganne et al., 2005

Aubrun et al., 2008

VAS 4h

Major surgery

Heterogeneity

Q = 21.5624; df = 2; p < 0.001

Random effects No bias

Z < 0.001; p > 0.999

T = −0.6603; p = 0.6285

5 Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Leal et al., 2015

VAS 12 h

Minor surgery

Heterogeneity

Q = 104.3763; df = 3; p < 0.001

Random effects Bias

Z = 1.6984; p = 0.0894

T = −7.5979; p = 0.0169

6 Joly et al., 2005

Ganne et al., 2005

Aubrun et al., 2008

VAS 12 h

Major surgery

Heterogeneity

Q = 81.4968; df = 2; p < 0.001

Random effects No bias

Z = 1.0445; p = 0.2963

T = 2.0911; p = 0.2840

7 Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Leal et al., 2015

VAS 24 h

Minor surgery

Heterogeneity

Q = 197.5201; df = 3; p < 0.001

Random effects No bias

Z = 1.6984; p = 0.0894

T = −2.1538; p = 0.1641

8 Joly et al., 2005

Ganne et al., 2005

Aubrun et al., 2008

VAS 24 h

Major surgery

Heterogeneity

Q = 71.2937; df = 2; p < 0.001

Random effects No bias

Z = 1.0445; p = 0.2963

T = 3.5866; p = 0.1731

9 Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Leal et al., 2015

Morphine

consumption

minor surgery

Heterogeneity

Q = 118.7848; df = 3; p < 0.001

Random effects Bias

Z = 1.6984; p = 0.0894

T = −16.5343; p = 0.0036

10 Sahin et al., 2004

Ganne et al., 2005

Aubrun et al., 2008

Hadi et al., 2010

Guignard et al., 2002

Yalcin et al., 2012

Morphine

consumption

major surgery

Heterogeneity

Q = 326.9692; df = 5; p < 0.001

Random effects Bias

Z = 1.5029; p = 0.1329

T = −5.3088; p = 0.0061

11 Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Time to first

rescue analgesia

Minor surgery

Heterogeneity

Q = 105.1229; df = 2; p < 0.001

Random effects Bias

Z = 1.0445; p = 0.2963

T = 419.7603; p = 0.0015

12 Jaksch et al., 2002

Guignard et al., 2002

Sahin et al., 2004

Joly et al., 2005

Time to first

rescue analgesia

Major surgery

Heterogeneity

Q = 225.8723; df = 3; p < 0.001

Random effects No bias

Z = 0.3397; p = 0.7341

T = 3.6662; p = 0.0670

13 Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Leal et al., 2015

PONV

Minor surgery

Heterogeneity

Q = 3.9975; df = 3; p = 0.2617

Random effects No bias

Z = −0.3397; p = 0.7341

T = −0.2830; p = 0.8038

(Continued)
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TABLE 3 | Continued

Subgroup Trials included Effect size Heterogeneity test Model Publication bias*

14 Guignard et al., 2002

Jaksch et al., 2002

Joly et al., 2005

Ganne et al., 2005

Aubrun et al., 2008

PONV

Major surgery

Homogeneity

Q = 1.7537; df = 4; p = 0.7809

Fixed effects No bias

Z = 0.7348; p = 0.4624

T = 1.0131; p = 0.3856

15** Van Elstraete, 2004

Hadi et al., 2013

Hadi et al., 2013

Leal et al., 2015

Psychotic events

minor surgery

– – –

16 Jaksch et al., 2002

Aubrun et al., 2008

Psychotic events

major surgery

Homogeneity

Q = 0.1108; df = 1; p = 0.7393

Fixed effects –

*Results not shown for subgroups with only two studies. PONV, postoperative nausea and vomiting; VAS, visual analog scale. **Results not shown for subgroup 15, which was not

included in the meta-analysis.

FIGURE 1 | Flow diagram of the different phases of the systematic review.

Synthesis of Results
We were unable to assess the incidence of psychotic events in
minor surgery (subgroup 15) by meta-analysis because only one
of the studies yielded a result other than 0. The characteristics of
the 16 subgroups are shown in Table 3, together with the results

of the heterogeneity and publication bias tests. Subgroups 2, 14,
and 16 were homogeneous and the rest were heterogeneous. Risk
of publication bias was detected in subgroups 5, 9, 10, and 11,
and their results should, therefore, be interpreted with caution.
The results of the meta-analysis are summarized in Table 4.
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TABLE 4 | Meta-analysis results.

Subgroup Results Forest plot

Study n Mean difference (95% CI) Weight (%)

VAS 0–2 h

Minor surgery

Van Elstraete,

−30min (2004)

40 −7.83 (−9.65; −6.0027) 16.7362

Van Elstraete, −1 h

(2004)

40 −23.5538 (−28.752218.3553) 9.3902

Van Elstraete, −2 h

(2004)

40 3.6858 (2.667; 4.7038) 18.1041

Leal, −2 h (2015) 56 0.5411 (0.0078; 1.0744) 18.6037

Leal, −30min

(2015)

56 −1.2014 (−1.7706; 0.6323) 18.5768

Leal, −1 h (2015) 56 −0.9581 (−1.5112; −0.4051) 18.5890

Random effects 288 −3.1549 (−5.4066; −0.9033)

VAS 0–2 h

Major surgery

Jaksch, −1 h

(2002)

30 −0.4071 (−1.1302; 0.3159) 21.0181

Jaksch, −2 h

(2002)

30 −0.7381 (−1.4778; 0.0015) 20.0857

Aubrun, 0–30min

(2008)

90 −0.8615 (−1.2935; 0.4296) 58.8962

Fixed effects 150 −0.7412(−1.0727; −0.4098)

VAS 4 h Minor

surgery

Van Elstraete, 2004 40 −2.1788 (−2.9612; 1.3964) 31.8379

Leal et al., 2015 56 −0.3301 (−0.8575; 0.1973) 34.5329

Random effects 96 −1.2309 (−3.0421; 0.5802)

VAS 4 h

Mayor

surgery

Joly et al., 2005 49 −1.7351 (−2.3922; 1.0781) 31.7254

Ganne et al., 2005 61 0.2193 (−0.2841; 0.7228) 33.6892

Aubrun et al., 2008 90 −0.6174 (−1.0403; 0.1945) 34.5854

Random effects 200 −0.6901 (−1.6751; 0.2948)

(Continued)
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TABLE 4 | Continued

Subgroup Results Forest plot

Study n Mean difference (95% CI) Weight (%)

VAS 12 h

Minor surgery

Van Elstraete, 2004 40 −0.6143 (−1.2485; 0.0199) 27.2404

Hadi et al., 2013 30 −12.7851 (−16.0984; −9.4719) 19.7066

Hadi et al., 2013 30 −4.9236 (−6.3604; −3.4869) 25.6965

Leal et al., 2015 56 0.5562 (0.0224; 1.0901) 27.3564

Random effects 156 −3.7999 (−6.5450; −1.0548)

VAS 12 h

Major surgery

Joly et al., 2005 49 2.3720 (1.6410; 3.1029) 32.8124

Ganne et al., 2005 61 0.5523 (0.0408; 1.0637) 33.5299

Aubrun et al., 2008 90 −1.4282 (−1.8910; −0.9653) 33.6576

Random effects 200 0.4828 (−1.5621; 2.5276)

VAS 24 h

Minor surgery

Van Elstraete, 2004 40 −2.6816 (−3.5357; −1.8275) 26.1858

Hadi et al., 2013 30 −15.8746 (−19.9546;

−11.7946)

22.5099

Hadi et al., 2013 30 −8.4976 (−10.7637–6.2315) 25.9533

Leal et al., 2015 56 2.4906 (1.7926; 3.1886) 26.2510

Random effects 156 −5.7507 (−10.8028; −0.6986)

VAS 24 h

Major surgery

Joly et al., 2005 49 2.5823 (1.8239; 3.3407) 32.6371

Ganne et al., 2005 60 0.4164 (−0.0951; 0.9279) 33.5812

Aubrun et al., 2008 90 −1.1166 (−1.5609; −0.6724) 33.7817

Random effects 199 0.6054 (−1.3021; 2.5130)

(Continued)
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TABLE 4 | Continued

Subgroup Results Forest plot

Study n Mean difference (95% CI) Weight (%)

Morphine

consumption

minor surgery

Van Elstraete, 2004 40 −1.0657 (−1.7280; −0.4033) 35.1136

Hadi et al., 2013 30 −19.3089 (−24.2468;

−14.3710)

22.1079

Hadi et al., 2013 30 −48.2743 (−60.5101;

−36.0385)

7.5228

Leal et al., 2015 56 −0.1003 (−0.6244; 0.4239) 35.2556

Random effects 156 −8.3099 (−12.0904; −4.5295)

Morphine

consumption

major surgery

Sahin et al., 2004 33 1.0361 (0.3091; 1.7631) 17.3244

Ganne et al., 2005 61 0.6916 (0.1748; 1.2083) 17.4153

Aubrun et al., 2008 90 2.6299 (2.0657; 3.1942) 17.3974

Hadi et al., 2010 30 −7.3485 (−9.3408; 5.3561) 16.2113

Guignard et al.,

2002

50 −12.5382 (−15.0574;

−10.0190)

15.5224

Yalcin et al., 2012 53 −10.4428 (−12.5024; −8.3831) 16.1292

Random effects 317 −4.0644 (−7.0110; −1.1178)

Time to first

rescue

analgesia

minor surgery

Van Elstraete, 2004 40 0.3305 (−0.2935; 0.9545) 34.1311

Hadi et al., 2013 30 14.6007 (10.8376; 18.3638) 32.9752

Hadi et al., 2013 30 15.1306 (11.2358; 19.0254) 32.8937

Random effects 100 9.9044 (−1.6756; 214845)

Time to first

rescue

analgesia

mayor

surgery

Jaksch et al., 2002 30 −1.2545 (−2.0374; −0.4716) 25.8794

Guignard et al.,

2002

50 8.85487.0329; 10.6767 25.3153

Sahin et al., 2004 33 −2.6495 (−3.5847; −1.7143) 25.823

Joly et al., 2005 49 19.9587 (15.9676; 23.9497) 22.9816

Random effects 162 5.8196 (0.2130; 11.4261)

(Continued)
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TABLE 4 | Continued

Subgroup Results Forest plot

Study n RR (IC95%) Weight (%)

Incidence of

ponv minor

surgery

Van Elstraete, 2004 40 1.3333 (0.3413; 5.2085) 15.8739

Hadi et al., 2013 30 0.1250 (0.0178; 0.8802) 8.4422

Hadi et al., 2013 30 0.6250 (0.2650; 1.4741) 32.0743

Leal et al., 2015 56 0.5000 (0.2564; 0.9749) 43.6096

Random effects 156 0.5583 (0.3084; 1.0105)

Incidence of

ponv major

surgery

Guignard et al.,

2002

50 0.80008 (0.2428; 2.6355) 7.0831

Jaksch et al., 2002 30 1.7500 (0.6448; 4.7497) 10.0983

Joly et al., 2005 49 1.0417 (0.4661; 2.3279) 15.5688

Ganne et al., 2005 61 1.7222 (0.4508; 6.5802) 5.6030

Aubrun et al., 2008 90 1.0000 (0.6676; 1.4980) 61.6469

Fixed effects 280 1.0806 (0.7868; 1.4841)

Incidence of

psycotic

events major

surgery

Yalcin et al., 2012 30 1.0000 (0.0687; 14.553) 20.7547

Aubrun et al., 2008 90 1.6667 (0.4233; 6.5617) 79.2453

Fixed effects 120 1.4990 (0.4426; 5.0771)

PONV, Postoperative nausea and vomiting; RR, Risk ratio. Subgroup 15 was excluded from the meta-analysis.

Cumulative Morphine Consumption
Nine of the 12 RCTs reported cumulativemorphine consumption
as an outcome measure for assessing ketamine efficacy at 24 h.
The data were heterogeneous in the minor and major surgery
groups (p < 0.001). As indicated by the forest plot (Figure 1),
morphine consumption in the first 24 h was significantly lower
in the intervention group than in the control group in patients
who underwent both minor surgery (SMD = −8.3099, 95% CI:
−12.0904 to −4.5295) and major surgery (SMD = −4.0644,
95% CI: −7.0110 to −1,1178). In the case of minor surgery, the
sensitivity analysis showed that the elimination of the studies

by Van Elstraete et al. and Leal et al. would moderately change
the global effect and lead to larger CI, but it would not change
the statistical significance and the conclusions. In major surgery,
only the elimination of the study by Guignard et al. (2002)
would lead to a loss of statistical significance (Annex 2 in
Supplementary Material).

Postoperative Pain Intensity
Eight RCTs involving 475 patients reported data on pain
intensity at rest in the first 24 postoperative hours. The data
were heterogeneous at all points of follow-up except for the
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first 2 h in the minor surgery group. The forest plots showed
a significant decrease in pain intensity with ketamine and
morphine compared with morphine only in the minor surgery
group at 2, 12, and 24 h and in the major surgery group at 2 h
(Table 4). Pain intensity in the first 24 h was significantly lower
with ketamine in the minor surgery group (SMD = −5.7507,
95% CI: −10.8028 to −0.6986) but not in the major surgery
group (Table 4). According to the sensitivity analysis, removing
the studies by Van Elstraete et al. and Hadi et al. would lead
to a loss of statistical significance in some cases. On the other
hand, the elimination of the study by Ganne et al. in the case of
pain intensity after 4 h in major surgery would make the result
statistically significant, showing favorable results for the ketamine
group (Annex 2 in Supplementary Material).

Time to First Rescue Analgesia
Six RCTs involving 262 patients reported data on time of the
first request for analgesia in the postoperative period. There were
three RCTs (100 patients) in the minor surgery group and four
(162 patients) in the major surgery group, and both groups were
affected by significant heterogeneity (p < 0.001). The forest plot
shows a significantly longer time to the first rescue analgesia for
ketamine in the major surgery group (SMD = 5.8196, 95% CI:
0.2130–11.4261) but not in the minor surgery group (Table 4).
However, if the study by Van Elstraete et al. would be removed,
the results of minor surgery would be statistically significant
(Annex 2 in Supplementary Material).

Adverse Effects
Eight RCTs involving 326 patients reported on PONV, while two
involving 120 patients reported on psychotic events (Table 4).
According to the pooled analysis, ketamine administration was
not a protective or risk factor for the occurrence of adverse effects,
since all the CIs for the overall measure contained the value
RR = 1, indicating no differences between the intervention and
the control group.

DISCUSSION

Postoperative opioid-induced hyperalgesia can have significant
clinical consequences, including inadequate pain control,
increased opioid consumption, and a greater risk of adverse
effects, ultimately leading to higher morbidity, longer hospital
stays, and a greater likelihood of chronic postsurgical pain
(Fletcher and Martinez, 2014). Opioid-induced hyperalgesia
is believed to be due to changes in the central and peripheral
nervous systems that result in sensitization of the pronociceptive
pathways. Numerous mechanisms have been implicated in
the pathophysiology of this condition, notably those involving
the central glutamatergic system, since the NMDA receptor
antagonism prevents the opioid-induced pain sensitivity and the
perturbation of spinal glutamate transporter activity modulates
the development of opioid-induced hyperalgesia. The activation
of spinal dynorphin content, and the increase in the evoked
release of spinal excitatory neuropeptides such as calcitonin
gene-related peptide from primary afferents is also evoked.
Other phenomena involved are related to neuroplastic changes

in the rostral ventromedial medulla that would increase the
activity of the facilitating descending nociceptive pathways.
In addition, peripheral sensitization involving the activity
of protein kinase C is also involved (Chu et al., 2008). The
existence of multifactorial pathogenic features could explain
the conflicting results reported for the efficacy of ketamine to
date, as this anesthetic alone may not be able to block central
sensitization and prevent opioid-induced hyperalgesia (Roeckel
et al., 2016).

Low remifentanil doses (≥0.1 µg/kg/min or ≥2.7 ng/ml)
appear to be sufficient for inducing hyperalgesia (Kim et al.,
2014). We analyzed 12 RCTs comparing remifentanil-based
general anesthesia (with doses ranging from 0.01 to 0.5
µg/kg/min or 2–4 ng/ml) with and without low-dose ketamine
(infusion<1.2 mg/kg/h or bolus injection<1 mg/kg) (Kim et al.,
2014).

Our systematic review is the first to analyze the effects of
ketamine sedation according to the type of surgery (major vs.
minor). Minor surgical procedures were defined as procedures
that required a minimum hospital stay, such as arthroscopy,
laparoscopy, and microsurgery. Although greater pain intensity
might be expected after major surgery due to the size of the
surgical field, the intensity of the nociceptive stimuli, and the
longer operative times, a high incidence of postoperative pain has
also been reported for laparoscopic and other minor procedures
(Gerbershagen et al., 2013). In our study, the favorable results
observed for ketamine vs. no ketamine in the first 2, 12, and 24 h
in the minor surgery group (Table 4) may be related to the fact
that lower doses of analgesia are used for minor procedures and
they may have been insufficient to relieve postoperative pain in
the control group.

Remifentanil-based general anesthesia does not offer
sufficient guarantees for adequate postoperative pain
management in major or minor surgery without the
application of multimodal analgesic regimens adapted to
each procedure. If the necessary analgesic effect is not achieved,
activation of NMDA receptors during surgery could give
rise to an erroneous interpretation of results (Van Elstraete,
2004).

Our findings show that perioperative ketamine was associated
with a significant reduction in the consumption of morphine
24 h after minor and major surgery. Conflicting results have been
reported in the literature. In a meta-analysis of RCTs involving
649 adults and children and adults who underwent spine
surgery, Pendi et al. (2018) reported that perioperative ketamine
significantly reduced morphine consumption and pain intensity.
However, another meta-analysis of 11 studies examining the use
of ketamine in children did not find any significant reduction in
morphine consumption. The differences could be due to different
pharmacokinetic profiles in children and adults or to variations in
anesthetic regimens and pain scales (Michelet et al., 2016).

Our findings onmorphine consumption should be interpreted
with caution, as the publication bias analysis showed a risk of bias
in both the minor and major surgery subgroups. Although the
results for some of the subgroups could have been improved by
removing certain studies, we did not do this because this would
have introduced an additional source of bias and because the

Frontiers in Pharmacology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 92193

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


García-Henares et al. Ketamine on Postoperative Pain

sensitivity analysis supported the robustness of the meta-analysis
results (data not shown).

Apart from exerting a morphine-sparing effect, ketamine also
significantly reduced pain intensity in the early postoperative
period after major and minor surgery, supporting results
from previous meta-analyses of NMDA receptor antagonists,
including magnesium sulfate (Liu et al., 2012; Wu et al.,
2015). The effects of remifentanil-induced hyperalgesia appear
to be greatest during this early postoperative period (Fletcher
and Martinez, 2014) and ketamine may help to reduce
pain at this time because it provides residual analgesia in
relation to its relatively rapid clearance (890–1,227 mL/min)
and short elimination half-life (2–3 h) (Mion and Villevieille,
2013).

In their meta-analysis of 14 RCTs involving 623 patients, Wu
et al. (2015) observed no differences in morphine consumption
or time to first rescue analgesia between patients who received
an NMDA receptor (ketamine or magnesium sulfate) and
controls. Conflicting findings from meta-analyses on the efficacy
of ketamine in preventing remifentanil-induced hyperalgesia
have been attributed to the inclusion of RCTs examining
several NMDA antagonists (Liu et al., 2012). In order to
avoid that, we decided to minimize sources of variability by
excluding studies of all NMDA receptor antagonists other than
ketamine. The variations observed in the anesthesia and analgesia
protocols in the RCTs included in our systematic review can be
explained by the fact that the studies were from six countries
(Table 2).

Conceptually, general anesthesia can be maintained during
surgery by total intravenous anesthesia (TIVA) or balanced
anesthesia (inhalation of volatile agents). Four of the RCTs
in our study used TIVA (with propofol) (Jaksch et al., 2002;
Van Elstraete et al., 2004; Ganne et al., 2005) while eight
used volatile agents (Schmid et al., 1999; Sahin et al., 2004;
Joly et al., 2005; Hadi et al., 2010). Propofol has traditionally
been considered to be a hypnotic sedative without analgesic
properties, although there is evidence that it might have a
modulatory effect on nociceptive processing and perception
(Bandschapp et al., 2010), reflected in the observation of less
intense postoperative pain compared with general balanced
anesthesia (Cheng et al., 2008). The potential modulatory role
of propofol in opioid-induced hyperalgesia may be due to its
interaction with GABA-A receptors at the supraspinal level
(Wang et al., 2004; Singler et al., 2007), to its non-competitive
inhibition of NMDA (in particular the NR1 subunit) (Orser et al.,
1995; Kingston et al., 2006), or to its neuroprotective effects
(demonstrated in animal models) (Grasshoff and Gillessen,
2005). Propofol could reduce hyperalgesia induced by high doses
of remifentanil during maintenance of intravenous anesthesia
(Shin et al., 2010) and consequently improve postoperative
outcomes and consumption of morphine. As shown by the
influence graph for pain intensity in the minor surgery group,
only one of the studies would have substantially modified the
overall result had it been eliminated from the meta-analysis
and this was the propofol-based anesthesia article by Van

Elstraete et al. (2004). Its removal would have eliminated
the statistical difference between the ketamine and control
groups at 30min, 1, 12, and 24 h, generating inconclusive
results.

We found no significant differences between patients who
received preemptive ketamine and those who did not for opioid-
related adverse effects or ketamine-related psychotomimetic
effects. Our findings thus support previous findings (Assouline
et al., 2016) that subanesthetic doses of perioperative ketamine
are safe.

The findings of this systematic review and meta-analysis show
that, when used as an adjuvant to morphine, ketamine reduces
postoperative morphine consumption and pain intensity in the
early postoperative period in adults undergoing major and minor
surgery. Our study has some limitations, including (1) possible
confounding by the high prevalence of postoperative pain; (2)
the variability of anesthetic regimens and study populations
together with the individual variability reflected in the different
subgroups; (3) the multifactorial pathogenesis of opioid-induced
hyperalgesia together with the lack of a protocol for the objective
measurement of different types of hyperalgesia; and (4) the lack
of standardized, clearly defined scales to measure postoperative
pain, morphine consumption, and ketamine- and opioid-related
adverse effects. These limitations should be taken into account
when designing future RCTs.

CONCLUSIONS

In summary, our systematic review and meta-analysis provide
evidence that subanesthetic intraoperative doses of ketamine
have a beneficial effect on pain control in the immediate
postoperative period (24 h), as they reduce the consumption
of postoperative morphine and the intensity of pain following
minor and major surgery. The addition of low doses of ketamine
to remifentanil-based general anesthesia regimens should be
considered.

While our findings may help to explain some of the conflicting
evidence on the use of preemptive ketamine, postoperative pain
management remains a challenge and further research using
standardized protocols and scales is needed.
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Koumine, an indole alkaloid, is a major bioactive component of Gelsemium elegans.
Previous studies have demonstrated that koumine has noticeable anti-inflammatory
and analgesic effects in inflammatory and neuropathic pain (NP) models, but the
mechanisms involved are not well understood. This study was designed to explore
the analgesic effect of koumine on chronic constriction injury (CCI)-induced NP in
rats and the underlying mechanisms, including astrocyte autophagy and apoptosis in
the spinal cord. Rats with CCI-induced NP were used to evaluate the analgesic and
anti-inflammatory effects of koumine. Lipopolysaccharide (LPS)-induced inflammation
in rat primary astrocytes was also used to evaluate the anti-inflammatory effect of
koumine. We found that repeated treatment with koumine significantly reduced and
inhibited CCI-evoked astrocyte activation as well as the levels of pro-inflammatory
cytokines. Meanwhile, we found that koumine promoted autophagy in the spinal cord
of CCI rats, as reflected by decreases in the LC3-II/I ratio and P62 expression. Double
immunofluorescence staining showed a high level of colocalization between LC3 and
GFAP-positive glia cells, which could be decreased by koumine. Intrathecal injection
of an autophagy inhibitor (chloroquine) reversed the analgesic effect of koumine, as
well as the inhibitory effect of koumine on astrocyte activation in the spinal cord.
In addition, TUNEL staining suggested that CCI-induced apoptosis was inhibited by
koumine, and this inhibition could be abolished by chloroquine. Western blot analysis
revealed that koumine significantly increased the level of Bcl-xl while inhibiting Bax
expression and decreasing cleaved caspase-3. In addition, we found that koumine could
decrease astrocyte-mediated neuroinflammation and enhance autophagy in primary
cultured astrocytes. These results suggest that the analgesic effects of koumine on CCI-
induced NP may involve inhibition of astrocyte activation and pro-inflammatory cytokine
release, which may relate to the promotion of astrocyte autophagy and the inhibition for
apoptosis in the spinal cord.
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INTRODUCTION

Neuropathic pain (NP) is a severe and intolerable disease and is
considered one of the most difficult pain syndromes to treat due
to its complex pathogenesis (Gilron et al., 2015). Despite decades
of study, the currently available drugs largely fail to control NP.

Koumine, an indole alkaloid isolated from Gelsemium elegans,
has shown diverse pharmacological actions including antitumor,
anti-inflammatory, anxiolytic, and analgesic activity (Jin et al.,
2014; Zhang et al., 2015; Chen et al., 2017). We recently reported
the analgesic effect of koumine in various animal pain models,
such as chronic constriction injury (CCI), spared nerve injury,
diabetic NP, and rheumatoid arthritis pain models (Xu et al.,
2012; Ling et al., 2014; Qiu et al., 2015; Yang et al., 2016; Xiong
et al., 2017; Jin et al., 2018a). Koumine displayed high efficiency
and low toxicity in the treatment of NP, implying that this
compound may have potential as a new anti-NP drug. However,
its analgesic mechanism against NP still needs to be further
explored.

The mechanisms of NP are involved in both peripheral
and central sensitization, but the precise mechanism is still
unclear (Meacham et al., 2017). In recent years, spinal astrocytes
have been reported to play a significant role in the induction
and maintenance of NP (Mika et al., 2013). Astrocytes, which
form close contacts with neuronal synapses, constitute the most
abundant cell type in the central nervous system. Under some
circumstances, such as peripheral nerve injury, tissue damage,
and arthritis, spinal astrocytes rapidly transform to an activated
state, which displays a closer correlation with chronic pain
behaviors (Gao and Ji, 2010). Activated astrocytes can regulate
the release of neurotrophic factors, inflammatory mediators,
chemokines, adenosine and neurotransmitters, resulting in long-
lasting thermal hyperalgesia and mechanical allodynia (Zhang
et al., 2017). Although the pathogenesis of NP has not yet
been fully elucidated, an inflammatory response caused by
astrocyte activation is considered one of the most critical
events. Therefore, decreasing spinal astrocyte activation by using
pharmacotherapeutic approaches could be a therapeutic strategy
for NP (Gao and Ji, 2010; Svensson and Brodin, 2010).

Autophagy is a process in which cells use lysosomes to degrade
their own damaged organelles and macromolecules, which
is an important mechanism for cell survival, differentiation,
and development (Mizushima and Komatsu, 2011). Under
physiological conditions, autophagy is maintained at a low
level. Under endoplasmic reticulum stress, however, autophagy
is activated as a defense mechanism, playing an important
role in maintaining intracellular environmental homeostasis. In
recent years, a number of studies have shown that impairment
of autophagy plays an important part in the occurrence
and development of NP (Jung and Lim, 2015). In contrast,
upregulation of autophagy can slow the process of NP (Kosacka
et al., 2013; Marinelli et al., 2014; Berliocchi et al., 2015; Huang
et al., 2016). Interestingly, relatively few studies have revealed
any participation of autophagy in astrocyte functions that are
related to CNS diseases such as Alzheimer’s disease, cerebral
ischemia, and spinal cord injury (Guo et al., 2014; Goldshmit
et al., 2015; Pan et al., 2015). According to a recent report,

Schwann cells, the neuroglia found in the peripheral nervous
system, are involved in the development and maintenance of
NP through regulation of autophagy (Marinelli et al., 2014).
All these findings prompted us to explore the analgesic effect
of koumine and its molecular mechanism involved in astrocyte
autophagy. The mitochondria-mediated pathway is one of the
most important signaling pathways in apoptosis, and energy
depletion in mitochondria is an early event in CCI rats (Keilhoff
et al., 2016). Furthermore, to clarify the protective effects via the
mitochondria-mediated apoptosis pathway, were examined the
expression levels of related proteins.

We previously described that the attenuation of NP by
koumine may result from the inhibition of neuroglial activation
and inflammation response. Here, we extended the initial
study and investigated the underlying analgesic mechanisms
of koumine, focusing on astrocyte activation, autophagy and
apoptosis in the spinal cord.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats, weighing 150–180 g or born within
24 h of each other, were provided by the Department of
Experimental Animal Center, Fujian Medical University. The rats
were housed 6–7 per cage and were provided ad libitum access
to laboratory chow and water. The rodents were maintained at
a constant room temperature (25 ± 2◦C), with a regular 12:12-
h light/dark schedule, with lights on from 08:00 to 20:00. The
rats were used for experiments after an acclimation period of
3–7 days. The experimental protocols were approved by the
ethics committee at Fujian Medical University (No: 2016-026),
and the study was conducted in accordance with the guidelines
published in the NIH Guide for the Care and Use of Laboratory
Animals.

Drugs
Koumine (PubChem CID: 91895267; purity >98.5%, HPLC;
Figure 1A) was isolated from Gelsemium elegans Benth. via pH-
zone-refining countercurrent chromatography, which has been
described in our previous study (Su et al., 2011). Koumine was
subcutaneously (s.c.) administered at a dose volume of 4 ml/kg
dissolved in sterile physiological saline (0.9% NaCl). Chloroquine
(CQ), purchased from Sigma (St. Louis, MO, United States),
was intrathecally administered at 0.1 µg (20 µL) 15 min after
koumine administration.

CCI Model Preparation
The CCI model was established as previously described (Bennett
and Xie, 1988). Briefly, the rats were anesthetized with
pentobarbital sodium (40 mg/kg, i.p.), and blunt dissection was
performed on the biceps brachii to expose the sciatic nerve.
Following separation, the sciatic nerve was ligated with 4.0 silk at
1 mm intervals. A sham group underwent the same surgery, but
without ligation. Afterward, the muscle and skin incisions were
closed separately.
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Behavioral Testing
The mechanical withdrawal threshold (MWT) was assessed
using an electronic von Frey device (series 2390; IITC Life
Science Inc., Woodland Hills, CA, United States), as previously
described (Mitrirattanakul et al., 2006; Jin et al., 2018a). All
tests were performed by a behavioral investigator blinded to the
pharmacological treatment of the animals.

Primary Astrocyte Cultures and Cell
Viability Assay
The primary astrocyte cultures and cell viability assay were as
previously described (Jin et al., 2018b).

Western Blot
Rats were anesthetized with sodium pentobarbital after
behavioral testing. The L4–L5 spinal segments were quickly
isolated and collected in a tissue lysis buffer containing protease
inhibitors. Insoluble pellets were separated by centrifugation
(14000 × g for 30 min, 4◦C). The protein samples were
quantified by a BCA protein assay kit. The protein samples
from the astrocytes were handled as previously described
(Jin et al., 2018a). The blot was incubated overnight at 4◦C
with the primary antibodies mouse polyclonal anti-GAPDH
(1:3000, TransGen Biotech, Beijing, China), mouse polyclonal
anti-GFAP, rabbit polyclonal anti-LC3B (1:1000, Cell Signaling
Technology, Beverly, MA, United States), rabbit polyclonal anti-
Beclin 1, rabbit polyclonal anti-p62 (1:1000, MBL International
Corporation, Nagoya, Japan), anti-Bcl-xl, anti-Bax, and anti-
cleaved caspase-3 (1:1000, Beyotime, Shanghai, China), followed
by goat anti-mouse horseradish peroxidase-labeled antibody
(1:5000, Jackson Immuno Research Labs Inc., West Grove,
PA, United States) or goat anti-rabbit horseradish peroxidase-
labeled antibody (1:5000, Jackson Immuno Research Labs Inc.,
West Grove, PA, United States) for 1 h at room temperature.
After these processes, membranes were washed thrice with
TBST. Chemiluminescence was detected by using Carestream
Molecular Imaging system for 1–5 min. Equal protein loading
was confirmed in all the experiments by using GAPDH as loading
control. The intensity of each selected band was analyzed using
NIH Image J software.

Immunofluorescence
The lumbar spinal cord segments were removed and postfixed in
the fixative overnight. Tissue was then maintained in 30% sucrose
in 0.1 M PBS at 4◦C overnight. Dissected tissue was mounted in
OCT compound and frozen at−20◦C. The transverse spinal cord
was cut at a thickness of 25 µm in a cryostat (Microm HM 505E).
For immunohistochemistry analysis, the sections were washed in
0.01 M PBS 3 times (5 min each) and then blocked with 10%
normal goat serum in 0.3% Triton X-100 for 1 h. After being
blocked, the sections were incubated overnight at 4◦C in the dark
with a primary antibody, either anti-GFAP polyclonal antibody
or LC3 polyclonal antibody (1:200; Cell Signaling Technology,
Beverly, MA, United States). The sections were then washed
three times with PBS for 10 min each and incubated with
Alexa Fluor 488 anti-mouse antibody (1:200, Jackson Immuno

Research Labs Inc., West Grove, PA, United States) and Alexa
Fluor 594 anti-rabbit antibody (1:400, Jackson Immuno Research
Labs Inc., West Grove, PA, United States) in blocking solution
without Triton X-100 for 45 min in the dark. Negative staining
controls were prepared by omitting either the primary antibody
or secondary antibody. Fluorescent images of these sections
were captured with a digital camera (Nikon 80i, Japan), and the
fluorescence density was analyzed using a computer software
(Image-Pro Plus 6, Media Cybernetics, United States).

Electron Microscope
Rat spinal cords selected at random from each group were fixed
in 4% neutral buffered paraformaldehyde, and then dehydrated
for 24 h. After that, spinal cords were embedded in paraffin
wax, cut into 3 µm-thick slices, and then examined via electron
microscope (Hitachi Co. Ltd., Tokyo, Japan) operated at 75 kV.

ELISA
After behavioral testing was complete, rat spinal cords were
collected, homogenized, and then stored at−80◦C. Total TNF-α,
IL-6, and IL-1β levels were measured using ELISA Kits (Abcam,
ab46070 for TNF-α and ab100768 for IL-1β, Cambridge, MA,
United States) according to the manufacturer’s instructions.

TUNEL Staining
After the rats were sacrificed, the tissues were embedded,
sectioned, and deparaffinized. The sections were performed
using TUNEL kits according to the manufacturer’s instructions
(Beyotime, C1088, Shanghai, China). Sections were observed
under a light microscope (Olympus, Tokyo, Japan).

Statistical Analysis
Data are expressed as the mean ± SEM. Two-way repeated-
measures analysis of variance (ANOVA) was used for behavior
test. For analysis of immunohistochemistry, ELISA and Western
blot analysis, the data were analyzed by one-way ANOVA
followed by Dunnett’s post hoc test or the least significant
difference (LSD) test, respectively. P-value <0.05 was defined
significant.

RESULTS

Koumine Displayed Antinociceptive
Effect and Promoted Autophagy in CCI
Rats
Similar to previous studies (Jin et al., 2018a), the present
study displayed that repeated subcutaneous administration of
KM significantly alleviates NP in CCI rats (Figure 1B). To
further assess the hypothesis that koumine promotes autophagy
in CCI-induced NP rats, we evaluated LC3, Beclin-1, and
p62 levels in the rat spinal cord by Western blot. As shown
in Figure 2A, the level of Beclin-1 showed no remarkable
changes among the sham, vehicle-treated CCI and koumine-
treated CCI groups. However, a significant increase in the
ratio of LC3-II to LC3-I protein was observed after CCI
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FIGURE 1 | Koumine (KM) displayed an antinociceptive effect. (A) Structural formula of koumine. (B) Effects of koumine on mechanical allodynia in rats with CCI
neuropathy. Rats were conducted Sham or CCI operation. The day of operation was regarded as day 0. Koumine (0.28, 7 mg/kg) or vehicle was administered
subcutaneously (s.c.) once per day for seven consecutive days from postoperative day 3. The mechanical withdrawal threshold was measured before surgery
(baseline) and drug treatment (predosing), and 1 h after drug administration (postdosing). Data indicate withdrawal threshold for the ipsilateral paw as the
mean ± SEM. ###P < 0.001 versus Sham group. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 versus vehicle control group, two-way repeated-measures ANOVA
followed by LSD or Dunnett’s T3 test for each time point.

FIGURE 2 | Koumine promoted autophagy in CCI rats. Beclin 1 (A), LC3 (B), and p62 (C) levels were detected by Western blot in the spinal cord. (D) Spinal cord
sections were analyzed by light microscopy electron microscope (scale bar = 500 nm), double layer or multilayer membrane and inclusions are the characteristics of
the autophagosome structure which contains mitochondria, endoplasmic reticulum, ribosome, and other cytoplasm components (red arrow). ##P < 0.05 versus
sham group. ∗P < 0.05 versus vehicle control group by one-way ANOVA followed by LSD test.
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operation in comparison to the sham group (P < 0.01). The
koumine-treated CCI group further decreased its LC3-II/I ratio
compared to vehicle-treated CCI group (P < 0.05, Figure 2B).
SQSTM1/p62 is a critical autophagy protein, and the expression
of SQSTM1/p62 may increase when autophagy is impaired.
Consistent with the previously study, the protein level of
CCI group displayed a significant increase compared to the
sham group (P < 0.01, Figure 2C), and koumine treatment
reversed this effect (P < 0.05). In addition, transmission electron
micrograph showed the characteristics of the autophagosome
structure in spinal cord of rats. Double layer or multilayer
membrane and inclusions which contains cytoplasm components
such as mitochondria, endoplasmic reticulum were displayed
by red arrow (Figure 2D). Transmission electron micrograph
analysis showed an increase in autophagosome formation in the
koumine treatment group compared to the CCI group. These
results indicate that koumine attenuates NP and alleviates the
impaired autophagy in the spinal cord of rats.

Koumine-Induced Autophagy Occurred
in Astrocytes in CCI Rats
We previously reported that koumine significantly decreased
astrocyte activation as reflected by the specific marker GFAP in
spinal cord sections (Jin et al., 2018a). To further investigate
whether koumine-induced autophagy occurred in astrocytes,
we co-immunostained the spinal cord sections with LC3
and GFAP (Figure 3A). In the spinal dorsal horn of the
operated side, the LC3 staining showed a high level of
colocalization with GFAP-positive glial cells in saline-treated
CCI group (P < 0.001), while koumine treatment greatly
decreased the positive cells of GFAP and LC3, as well as

colocalization of LC3 and GFAP (P < 0.001, Figure 3B). These
results indicated that koumine’s alleviation of the impaired
autophagy may occur in astrocytes in the spinal cord of CCI
rats.

Koumine Enhances Astrocyte Autophagy
and Attenuates Astrocyte Activation, As
Well As the Inflammation Response in
Lipopolysaccharide (LPS)-Exposed
Primary Astrocytes
To further confirm that koumine directly inhibited astrocyte
reactivation and inflammation response, we performed Western
blotting and ELISA testing in LPS-exposed rat primary astrocytes.
First, we determined that several concentrations of koumine
(0, 25, 50, and 100 µM) had no effect on cell viability at
several concentrations after treatment for 24, 36, or 48 h by
MTT assay (data not shown). Consequently, we pretreated the
astrocytes with koumine (or vehicle) for 12 h and then stimulated
them with LPS for 24 h to induce reactivation. In agreement
with our previous reports, koumine, significantly reduced GFAP
expression and the levels of IL-1β and TNF-α (Figures 4A,B,F,G).
These results are consistent with our in vivo findings. In addition,
we explored the effects of koumine on LPS-induced autophagy
in primary astrocytes. We found the levels of Beclin-1 protein in
astrocytes treated with LPS was not affected, the expression of p62
and the ratio of LC3-II/LC3-I increased significantly (P < 0.05),
indicated LPS induces activation of astrocytes while activating
autophagy. However, the increased expression of LC3-II/LC3-I
and p62 protein induced by LPS could be inhibited by koumine
(Figures 4A,C,D,E).

FIGURE 3 | Koumine (KM) inhibit GFAP protein levels in rat spinal cord with CCI neuropathy. (A) After CCI or Sham surgery, koumine (0.28, 7 mg/kg) or vehicle was
administered s.c. once a day, every day for seven consecutive days from postoperative TSPO and LC3 was determined by Immunofluorescence. (B) The number of
LC3/GFAP positive cells. The scale bar represents 25 µm. Data are expressed as the mean ± SEM. ###P < 0.001 versus Sham group. ∗∗∗P < 0.001 versus vehicle
control group, separate one-way ANOVA followed by LSD test.
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FIGURE 4 | Koumine (KM) enhances LPS-induced astrocyte autophagy and attenuates astrocyte activation, as well as inflammation response in LPS-exposed
primary astrocytes. Cultured astrocytes were exposed to koumine (0, 25, 50, or 100 µM) for 12 h prior to exposure to LPS for an additional 24 h before testing.
Astrocytes in the control group were incubated with standard culture medium lacking koumine and LPS. Western blot (A) and densitometric quantification of GFAP
(B), Beclin 1 (C), LC3-I/LC3-II (D), P62 (E), and GAPDH were performed in LPS-exposed astrocytes. Elisa were performed to explore the LPS-induced production
of TNF-α (F) and IL-1β (G) in cultured astrocytes. Data are presented as the mean ± SEM. of three independent experiments. ###P < 0.001, ##P < 0.01, and
#P < 0.05 compared with the control group. ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05 compared with the LPS group, as determined by one-way ANOVA followed
by the LSD test.

Blockage of Autophagy Activity
Diminished Analgesia Effect of Koumine
To assess the pro-autophagic activity of koumine in the
development of mechanical allodynia in CCI rats, we injected
koumine subcutaneously for two consecutive days beginning
on day 3 after the CCI operation, then autophagy inhibitor
chloroquine (CQ) was administered. As shown in Figure 5A,
in the CCI+KM group, repeat subcutaneous injection of
koumine (7 mg/kg) significantly increased MWT (P < 0.05
for postoperative day 4, P < 0.01 for postoperative day 5).
In the CCI+KM+CQ group, we selected the dose of CQ

(0.1 µg, intrathecal injection) which did not affect the MWT.
Interestingly, the increases in MWT caused by koumine were
abolished by CQ (P < 0.1 for postoperative day 5). These data
indicate that the analgesic effect of koumine was abolished by the
autophagy inhibitor chloroquine.

Blockage of Autophagy Activity
Diminished the Effect of Koumine on
Astrocyte Activation in CCI Rats
We sought to further investigate whether the analgesic effect
of koumine was linked to the inhibition of astrocyte activation
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FIGURE 5 | Blockage of autophagy activity diminished effect of koumine (KM) on MWT and astrocyte activation in CCI rats. (A) The antagonistic effect of
chloroquine (CQ) against antinociceptive effect of koumine. Data indicate the withdrawal threshold for the ipsilateral paw as the mean ± SEM (n = 5–7 per group).
∗P < 0.05 and ∗∗P < 0.01 compared with the CCI+NS group. ##P < 0.01 compared with the versus CCI+KM+NS group, two-way repeated-measures ANOVA
followed by LSD or Dunnett’s T3 test for each time point. (B) GFAP level was detected by Western blot in the spinal cord. (C) Pro-inflammatory cytokine IL-1β and
TNF-α in spinal cord of CCI rats after the koumine (KM) and CQ administered. Data are expressed as the mean ± SEM. ##P < 0.01 versus CCI+NS group.
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 versus CCI+KM group, separate one-way ANOVA followed by LSD test.

FIGURE 6 | Koumine (KM) promoted autophagy in CCI rats. Beclin 1 (A), LC3 (B), and p62 (C) levels were detected by Western blot in the spinal cord. ##P < 0.05
versus Sham group. ∗P < 0.05 and ∗∗P < 0.01 versus vehicle control group by one-way ANOVA followed by LSD test.

via the promotion of autophagy in the spinal cord of CCI
rats. We next detected GFAP and pro-inflammatory cytokine
in the spinal cord of CCI rats after koumine and CQ were
administered. As shown in Figure 5B, Western blot results
showed that the levels of GFAP decreased after koumine
treatment (P < 0.01, compared with the CCI+NS group),
whereas the effect of koumine on inhibition of astrocyte
activation was abolished by CQ (P < 0.05, compared to KM
group). Although a slight increase in GFAP protein level
in CQ alone group was recorded, it was non-significant
(P > 0.05, compared to CCI+NS group). Similar observations

were made for IL-1β and TNF-α, the pro-inflammatory
cytokine closely related to pain. The ELISA results showed
KM that significantly decreased IL-1β and TNF-α protein
expression (P < 0.01, compared to CCI+NS group), but
reversed by CQ (P < 0.01 for TNF-α, P < 0.001 for IL-1β,
compared to CCI+KM group), no significant differences
were observed in CQ and NS groups (Figure 5C). In
addition, although the level of Beclin-1 has no remarkable
changes compared to vehicle-treated CCI and CQ-treated
CCI groups, it presented a decreasing trend (P < 0.05,
Figure 6). LC3-II/I and p62 expression were decreased

Frontiers in Pharmacology | www.frontiersin.org 7 August 2018 | Volume 9 | Article 989103

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00989 August 28, 2018 Time: 19:30 # 8

Jin et al. Koumine Attenuates Neuropathic Pain

FIGURE 7 | The effect of koumine (KM) on apoptosis in spinal cord tissue of CCI rats. (A) Apoptotic cells in rat spinal cord tissue through TUNEL staining.
(B) Quantification of apoptotic cells in spinal cord tissue. (C) Representative immunofluorescence staining for glial fibrillary acidic protein (Red) and TUNEL-positive
cells (green) merged double staining. Western Blot experiment (D) and the relative quantification (E) for apoptosis related protein Bcl-xl, cleaved caspase-3, and Bax
protein expression in CCI rats with drug treatment. All results were obtained from three independent experiments. ##P < 0.01 and ###P < 0.001 versus CCI+NS
group. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 versus CCI+KM group by one-way ANOVA followed by LSD test.

compared to vehicle-treated CCI group and CQ-treated
CCI groups, suggesting that blockage of autophagy activity
diminished the effect of koumine on astrocyte activation in CCI
rats.

Effects of Koumine on
Apoptosis-Related Protein in CCI Rats
Apoptosis was reported to be associated with the development
of NP. We further investigated whether apoptosis was involved
in the analgesic effects of koumine on CCI-induced NP. TUNEL

staining of the rat spinal cord indicated that TUNEL-positive
nuclei (co-immunostained TUNEL staining with DAPI) were
present throughout the spinal cord, and their numbers were
decreased by koumine (Figure 7A). Quantification of the
apoptosis incidence (TUNEL- and DAPI-positive cells/DAPI-
positive cells, Figure 7B) revealed a high occurrence (41%),
which koumine treatment could decrease to 11% (P < 0.001,
compared to CCI+NS group). Interestingly, this effect was
abolished by CQ (P < 0.001, compared to CCI+KM group).
Then, we costained GFAP with TUNEL in the spinal cord of
CCI rats, the TUNEL staining almost invisible colocalization
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FIGURE 8 | Proposed mechanisms of the effect of koumine in CCI rats. Koumine attenuates neuropathic pain through promoting astrocyte autophagy, inhibiting
astrocyte excessive activation, decreasing astrocyte-mediated neuroinflammation and apoptosis.

with GFAP positive glia cells (Figure 7C). Moreover, apoptosis
related proteins were quantified by Western blot. The protein
expression levels of cleaved caspase-3 and pro-apoptotic
Bax protein were downregulated while anti-apoptotic Bcl-
xl protein was upregulated after treatment with koumine
(Figures 7D,E). Furthermore, CQ significantly decreased
Bcl-xl and increased Bax and cleaved caspase-3 protein
levels.

DISCUSSION

This research illustrated that analgesic effect of koumine, which
might be modulated in part by attenuating astrocyte activation
and the levels of pro-inflammatory cytokines via inducing
autophagic flux and suppressing apoptosis in rats with CCI-
induced NP.

The pathophysiological mechanism of NP is complex.
However, an increasing amount of evidence suggests that
neuroinflammation—characterized by activation of glia
(including microglia and astrocytes) and pro-inflammatory
cytokines—is an important factor in the development and
maintenance of central sensitization and NP. Both activated
microglia and astrocytes are participants in the NP and could be
the main sources pro-inflammatory cytokines. Notably, microglia
were activated at the early phase of the disease, whereas activated
astrocytes were detected in the sustainment phase. The activation
of astrocytes can release pro-inflammatory cytokines (such

as TNF-α and IL-1β) and chemotactic factor, which, in turn,
activate glia and neurons, eventually forming a positive feedback
loop of glia-to-neuron signals, creating perseverative release of
pain mediators. Astrocyte activation has been found in various
injury conditions such as CCI, spinal nerve ligation (SNL), tissue
injury, and inflammation, which are associated with enhanced
pain states. Fluorocitrate, an astrocyte activation inhibitor, was
able to relieve the mechanical pain in NP. Therefore, inhibition
of astrocyte activation can be one of the new strategies to
treat NP. In the present study, we investigate the astrocyte
activation in CCI-induced NP rats. We found a significant
activation of astrocytes, as shown by the increase in GFAP,
which was decreased by treatment of koumine. In addition,
TNF-α and IL-1β, the key pro-inflammatory pain mediators,
were upregulated in the spinal dorsal horn following CCI and
that koumine treatment markedly inhibited its productions. As
activated astrocytes can be a source of TNF-α and IL-1β, these
results imply that the analgesic effect of koumine may involve
inhibiting astrocyte activation and pro-inflammatory cytokine
production.

In recent years, the effect of autophagy in NP has attracted
the attention of researchers. The impairment of autophagy
occurred in NP was first described in the SNL mice and further
confirmed in other experimental models of NP (Berliocchi et al.,
2011, 2015). In turn, enhancing autophagy by pharmacological
approaches has been reported to be a potential manner for
slowing the onset and chronification of NP (Marinelli et al.,
2014; Goldshmit et al., 2015). To investigate the correlation
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between autophagy and analgesic effect of koumine on NP, we
assessed the changes in expression of LC3, Beclin1 and p62 in
the spinal cord of CCI rats following treatment with koumine.
After CCI operation, the rat displayed significant mechanical
allodynia; meanwhile, the ratio of LC3-II/I and the expression of
p62 increased significantly in the spinal cord, while Beclin-1 did
not, suggesting that autophagic flux was blocked in the late stage
of autophagy. In turn, administration of koumine significantly
reversed mechanical allodynia, paralleled by decrease in LC3-II/I
and p62, indicating that autophagy was enhanced by koumine.
This evidence suggest the analgesic effect of koumine may be
involved in enhancing autophagy in the spinal cord of NP
rats. Indeed, several autophagy mediators were demonstrated
to be effective in CNS diseases including NP. For example,
simvastatin can contribute to neuroprotection after spinal cord
injury by inducing autophagy (Gao et al., 2015). Rapamycin,
an autophagy inducer, significantly attenuates NP by enhancing
autophagy and inhibiting IL-1β expression in the microglia of
the spinal cord (Feng et al., 2014). Ginsenoside compound K
was reported to enhance autophagy in primary astrocytes by
target of mTOR (mammalian target of rapamycin), which may
promote β-amyloid peptide clearance and slow the pathological
progression of AD (Guo et al., 2014). In contrast, blocking
autophagy by pharmacological approaches can induce or enhance
NP (Berliocchi et al., 2015). We found intrathecal injection
CQ significantly diminishing the analgesic effect of koumine,
which could also explain the analgesic activity of koumine on
NP may be involved in promoting autophagy in rat spinal
cord.

Although the precise mechanism of autophagy’s contribution
to NP is not well understood, changes in autophagy flux
in glial cells may play an important role. As koumine
displayed strong inhibitory activity against astrocyte activation
and promoting autophagy on spinal cord of rat. We further
explored whether koumine could inhibit astrocyte activation
by promoting astrocyte autophagy. Our studies demonstrated
that LC3 staining showed a large number of colocalization with
GFAP positive glia cells, suggesting that autophagy may occur
in astrocytes of the spinal cord. Koumine treatment decreases
the number of LC3/GFAP positive cells, indicating that koumine
inhibits astrocyte activation and promotes astrocyte autophagy.
On treatment with the autophagy inhibitor CQ, the inhibition
effect of koumine on astrocyte activation was attenuated, along
with the key pro-inflammatory molecules TNF-α and IL-1β.
In cultured rat primary astrocytes, we found that koumine
significantly decreased the upregulation of LC3II/LC3I and p62
protein induced by LPS, indicated koumine can promote the
degradation of autophagic bodies and maintain the smooth flow
of autophagy in astrocytes. Taken together, these results suggest
that koumine may inhibit astrocyte activation by enhancing
autophagy.

Autophagy is closely associated with apoptosis in many
diseases, including NP, neurodegenerative diseases, and cancer.
As a form of programmed cell death, apoptosis was reported
to be associated with the development of NP (Amin et al.,
2016; Zheng et al., 2017). Caspases and Bcl-2 family proteins,
including the pro-apoptosis protein Bax and the pro-survival

protein Bcl-xl, play a pivotal role in cell survival and death
(Cheng et al., 1997). Interestingly, koumine was reported to
serve as a protective effect against LPS-induced apoptosis on
RAW 264.7 cells. In the present study, we demonstrated that the
CCI model induced caspase-dependent apoptosis by significantly
increasing Bax and cleaved caspase-3 and decreasing Bcl-xl
expression. Koumine shown inhibit apoptosis and protective
properties and may be a therapeutic agent for treating NP in
CCI rats. However, we costained for GFAP and TUNEL in the
rat spinal cord and revealed that unusual apoptosis occurred in
astrocytes. It was reported that positive costaining of TUNEL
and Nissl body cells indicates that a majority of apoptotic
cells are neurons in NP animals. In addition, TNF-α and IL-
1β, which are well known to take part in the regulation of
cellular apoptosis (Hu et al., 2015). As we have demonstrated
koumine significantly reduced the TNF-α and IL-1β expression
in the spinal cord, we deduced that the main source of these
apoptosis cells are neurons, while this needs to be further
investigated.

CONCLUSION

The present study showed that autophagy was impaired in CCI-
induced NP rats. Koumine treatment significantly enhanced
autophagy and inhibited apoptosis and astrocyte activation as
well as IL-1β and TNF-α production in the spinal cord, and the
treatment also ameliorated CCI-induced mechanical allodynia
(Figure 8). In the long term, koumine may provide useful
innovative therapeutic strategies for the treatment of NP in
clinical practice.
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Since the discovery of the nervous system’s ability to produce steroid hormones,
numerous studies have demonstrated their importance in modulating neuronal
excitability. These central effects are mostly mediated through different ligand-gated
receptor systems such as GABAA and NMDA, as well as voltage-dependent Ca2+

or K+ channels. Because these targets are also implicated in transmission of sensory
information, it is not surprising that numerous studies have shown the analgesic
properties of neurosteroids in various pain models. Physiological (nociceptive) pain has
protective value for an organism by promoting survival in life-threatening conditions.
However, more prolonged pain that results from dysfunction of nerves (neuropathic
pain), and persists even after tissue injury has resolved, is one of the main reasons
that patients seek medical attention. This review will focus mostly on the analgesic
perspective of neurosteroids and their synthetic 5α and 5β analogs in nociceptive and
neuropathic pain conditions.

Keywords: neurosteroids, chronic pain, T-channel (CaV3), T-channel calcium channel blockers, neurosteroid
analogs, analgesic (activity)

INTRODUCTION

Since the discovery of steroid hormone synthesis in the rat nervous system (Corpechot et al., 1981),
numerous studies have shown the pivotal role of steroid hormones in various neuronal functions,
such as cognition, memory, affective disorders, neuroprotection, and myelination (Schumacher
et al., 2012, 2014; Brinton, 2013; Giatti et al., 2015). These molecules are called neurosteroids,
because they are produced in the nervous system by neurons and/or glial cells (Baulieu and
Robel, 1990). Today, all steroid hormones that exert an effect on inhibitory and excitatory
neurotransmission, regardless of their mechanism(s) and source (whether they are synthetic or
endogenously produced), are considered neuroactive steroids (Paul and Purdy, 1992).

Neurosteroids are capable of modulating cell function on different levels. Conventionally,
their effects are attributable to specific nuclear hormone receptors (e.g., progesterone)
that regulate RNA expression. The onset of such effects is much slower, but the
consequential changes may be long lasting. On the other hand, neurosteroids also exert their
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effects in the nervous system through modulation of various
receptor systems and ionic channels (Baulieu et al., 1999;
Mensah-Nyagan et al., 1999; Mellon and Griffin, 2002; Belelli
and Lambert, 2005). Some of them, such as GABAA and
NMDA receptors and/or voltage-dependent T-type Ca2+ or
voltage-dependent K+ channels, are heavily implicated in sensory
pathways responsible for mediating anesthesia and analgesia.
The present review focuses on the role of neurosteroids in pain
pathways, their potential as analgesics in different pain models,
and future therapeutic perspectives.

THE ROLE OF NEUROSTEROIDS IN PAIN
PATHWAYS

The International Association for the Study of Pain (IASP)
defines pain as “an unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or described
in terms of such damage.” Although acute nociceptive pain has
protective value for an organism, promoting survival in life-
threatening conditions (Basbaum et al., 2009), prolonged pain
that persists even after tissue injury has resolved is one of the
main reasons that patients seek medical attention (Costigan et al.,
2009).

Some of the first studies with intravenously injected
cholesterol showed that steroid molecules could suppress painful
information and decrease arousal by exerting an anesthetic-
like state in mammals (Cashin and Moravek, 1927). In
this study, abdominal surgery on cats was performed after
intravenous (IV) administration of cholesterol, and animals
were fully recovered. The pregnane class of steroids has
become particularly important because of their allosteric
modulation of neuronal GABAA receptors. Brot et al. (1997)
showed that allopregnanolone mediates its anxiolytic effect
by stimulating chloride flux through the channel of GABAA
receptors via either binding sites different from the one
for benzodiazepines, or via sites allosterically linked to the
picrotoxin binding site. More recent studies have shown
that neurosteroids are influencing the kinetics of synaptic
GABAA-gated ion channels by prolonging the decay time of
phasic responses, and therefore enhancing neuronal inhibition
(Belelli and Lambert, 2005; Herd et al., 2007). Furthermore,
neurosteroids also exert their effects via extrasynaptic GABAA
receptors containing the δ-subunit, thus enabling tonic inhibition
(Lambert et al., 2001). This effect was confirmed in a
study of Stell et al. (2003) where tonic conductance was
significantly reduced in mice lacking the δ-subunit of GABAA
receptors, and was not influenced by 5α-pregnan-3α,21-diol-
20-one (3α,5α-tetrahydrodeoxycorticosterone,3α,5α-THDOC), a
potent stereoselective positive allosteric modulator of the GABAA
receptor. The anxiolytic and anesthetic effects of 3α,5α-THDOC
were attenuated in these mice (Mihalek et al., 1999). Altogether,
these findings could explain the ability of neurosteroids to induce
sedation and anesthesia in rodents.

Numerous clinical and animal studies have found that
sex hormones can differentially regulate pain perception.
For example, testosterone exerts analgesic effect in both

humans and animal models, while estrogen can act both
as an analgesic and hyperalgesic (Aloisi, 2003; Ceccarelli
et al., 2003; Aloisi et al., 2004; Arendt-Nielsen et al., 2004;
Aloisi and Bonifazi, 2006). It is well known that fluctuations
of estrogen and progesterone during the estrous cycle can
influence pain perception and pain threshold (Frye et al.,
1992, 1993; Riley et al., 1998; Kuba and Quinones-Jenab,
2005). Furthermore, it seems that estrogen and progesterone
may regulate the antinociceptive conformation of mu and
kappa opioid receptor heterodimers (Chakrabarti et al.,
2010), which makes them immensely important in pain
regulation.

Several studies have confirmed the existence of particular
enzymes involved in steroidogenesis throughout the central
nervous system (CNS) and peripheral nervous system (PNS)
(for review Baulieu and Robel, 1990; Compagnone and Mellon,
2000; Mensah-Nyagan et al., 2009). These compounds are crucial
for plasticity of the nervous system (Patte-Mensah et al., 2006;
Melcangi et al., 2008); therefore, they also play a very important
role in pain perception and pain modulation. Interestingly,
extensive studies on the dorsal horn region of the spinal cord
have not been conducted. However, it is well known that the
dorsal horn of the spinal cord plays a pivotal role in the
transmission of painful stimuli from the peripheral nociceptors
to supraspinal structures. It is also well established that primary
afferent fibers coming from peripheral nociceptive neurons,
whose cell bodies lie in the dorsal root ganglia (DRG), form
synapses with the projection neurons of the dorsal horn of
the spinal cord. These neurons further convey information to
the brainstem, thalamic, and cortical structures (Millan, 1999,
2002) that are able to modulate nociceptive transmission via
several descending pathways at the level of the spinal cord.
Because modulation of pain perception occurs at the level of
dorsal horn neurons in the spinal cord, it is not surprising
that a particular set of enzymes, including a CYP450, involved
in steroidogenesis was identified (Patte-Mensah et al., 2004;
Mensah-Nyagan et al., 2008). An immunohistochemical study
by Patte-Mensah et al. (2003) has confirmed that the highest
density of these enzymes was detected in superficial layers of
laminae I and II, where the first synapses between the nociceptive
peripheral sensory neurons and projection neurons are located.
Furthermore, homogenates of the rat spinal cord were capable
of converting cholesterol into progesterone confirming that the
enzymes are indeed functional. Locally synthetized progesterone
in the spinal cord has also been shown to stimulate intrinsic
spinal anti-nociceptive system via kappa and delta opioid
receptors and promoting the increase of endorphins in situ
(Dawson-Basoa and Gintzler, 1997, 1998). Additionally, there
is evidence of direct inhibition of allopregnanolone synthesis
in the dorsal horn with substance P, a potent pronociceptive
neuropeptide (Patte-Mensah et al., 2005). This finding indicates
that the presence of neuroactive steroids at the level of the
dorsal horn could regulate GABA inhibitory tone, and that
the pronociceptive effect of substance P released from primary
afferents could be due to the reduction of GABAA receptor
activity by downregulating the production of 3α, 5α-THP
(allopregnanolone). These data strongly suggest that there
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FIGURE 1 | Neurosteroid synthesis in the spinal cord from cholesterol.

is an active process of neurosteroid synthesis in the dorsal
horn, particularly progesterone and allopregnanolone (two very
potent analgesic neurosteroids) by direct enzymatic conversion
(Figure 1).

ENDOGENOUS NEUROSTEROIDS AND
PAIN

Recent studies suggest that progesterone and its derivatives,
dihydroprogesterone (DHP) and 3α, 5α-tetrahydroprogesterone
(THP) or allopregnanolone, have a specific neuroprotective
action in the central and PNS (Guennoun et al., 2008, 2015;
Melcangi et al., 2014; Schumacher et al., 2014). For example,
these molecules are capable of exerting beneficial effects in
pathological conditions such as traumatic brain injury and
spinal cord injury by promoting myelination and preserving
white matter. In addition, endogenous neurosteroids show
positive therapeutic effect in conditions such as Alzheimer’s
and Parkinson’s disease (Irwin et al., 2014; Schumacher
et al., 2014). Allopregnanolone, in particular, has been shown
to promote neurogenesis by increasing neural progenitor
proliferation of subgranular zone of dentate gyrus in adult
3xTgAD mice. Furthermore, in the same mouse model of
Alzheimer’s disease, allopregnanolone reversed the conditioned
response/associative learning deficits of 3xTgAD mice to a level

comparable to non-Tg mice (Wang et al., 2010). Furthermore, in
allopregnanolone treated 3xTgAD mice, a significant reduction
of β-amyloid production was noticeable (Chen et al., 2011).
Allopregnanolone increased dopamine release from nucleus
accumbens in freely moving rats (Rougé-Pont et al., 2002)
and improved motor performance by promoting neurogenesis
of tyrosine hydroxylase immunoreactive neurons is substantia
nigra (Adeosun et al., 2012) in the mouse model of Parkinson’s
disease.

Numerous studies have also shown that steroids modulate
pain sensitivity, either through intracellular/nuclear targets, or by
modulation of synaptic transmission, both directly and indirectly
via second-messenger systems. Potentiation of inhibitory GABA-
ergic transmission in the pain pathway is one of the important
mechanisms to diminish pain transmission (Zeilhofer et al.,
2013). Predictably, analgesic potential of neuroactive steroids
that promote GABA-mediated transmission in different pain
paradigms is very well established.

Several other mechanisms are involved in analgesia induced
by neurosteroids. It has been shown that progesterone, applied
subcutaneously, successfully alleviated both mechanical and
thermal allodynia in the sciatic nerve injury model, by preventing
injury-induced increase of NR-1 subunit of NMDA receptors,
as well as expression of PKCγ (Coronel et al., 2011). This
reduction of PKCγ prevents the phosphorylation of NR1 subunit
of NMDA receptors, which is crucial for receptor facilitation
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and contributes to the development of central sensitization.
Antiallodynic effect of progesterone was also achieved in the
spinal cord injury pain model (Coronel et al., 2014). The
authors have shown that application of progesterone significantly
reduced spinal expression of COX-2 and iNOS after spinal
cord injury, revealing an anti-inflammatory activity of this
endogenous neurosteroid that could contribute to its analgesic
properties. Furthermore, the existence of receptors in dorsal
horn neurons, sensitive to progesterone, supports the notion
of the importance of neurosteroid induced modulation of pain
processing (Labombarda et al., 2010). A particular type of
receptor, sigma-1 receptor, a chaperone residing in endoplasmic
reticulum, has recently been investigated as a potential target
for progesterone binding in the spinal cord (Maurice et al.,
2006; Monnet and Maurice, 2006; de la Puente et al., 2009).
Sigma-1 receptors chaperon proper folding of nascent proteins.
However, in certain conditions, such as binding of agonists,
they could translocate to the cell membrane and interact
with different G-protein coupled receptors and ionic channels.
Previous studies have confirmed the presence of sigma-1 receptor
in the dorsal horn neurons (de la Puente et al., 2009), as well
as on DRG (Mavlyutov et al., 2016) which implicates them in
the development of neuropathic pain and spinal sensitization
after nerve injury. It has also been shown that activation of
sigma-1 receptors leads to increased activity of PKC and PKA,
which in turn induces phosphorylation of NR1 subunit of NMDA
receptors, a process highly implicated in the development of
central sensitization (Kim et al., 2008). Ortíz-Rentería et al. (2018)
discovered that blocking sigma-1 receptors by progesterone leads
to a significant decrease of TRPV1-dependent pain produced by
capsaicin. Different authors have shown that treatment of sciatic
nerve constriction and orofacial pain models with progesterone
also successfully reduced mechanical and thermal allodynia
(Dableh and Henry, 2011; Kim et al., 2012).

Of particular interest is dehydroepiandrosterone (DHEA), one
of the first discovered neurosteroids (Baulieu et al., 1999). DHEA
is found to be converted from pregnenolone by cytochrome
P450c17 in the CNS. Although it can be found in human plasma,
in rodents, plasma levels are extremely low, most likely since
cytochrome P450c17 does not exist in rodent adrenals. However,
DHEA synthesis exists in the spinal cord (Kibaly et al., 2005), a
pivotal part of the sensory pathways, important for nociceptive
transmission. Therefore, the importance of DHEA in modulation
of pain perception should be considered. Kibaly et al. (2007)
have found that when injected either peripherally (subcutaneous)
or centrally (intrathecal), DHEA exerts pronociceptive effects by
reducing the pain thresholds to painful stimuli. However, the
repeated injections of DHEA exert a sustained analgesic effect.
This indicates that DHEA exerts its acute algogenic effects most
likely via either direct allosteric modulation of NMDA or P2X
receptors, or via sigma-1 receptors, which in turn enhances
phosphorylation of NR1 subunit of NMDA receptors (Yoon
et al., 2010), leading to increased sensitization of pain pathways.
On the other hand, delayed analgesic effect of DHEA could be
explained by its metabolism to androgens in the spinal cord, such
as testosterone, that exert analgesic effects (Kibaly et al., 2007).

Dehydroepiandrosterone seems to possess another feature,
related to neuroprotection. A recent study of Lazaridis et al.
(2011) indicated that DHEA prevented neuronal apoptosis by
interacting with transmembrane tyrosine kinase receptor TrkA.
TrkA receptors are a known group of target receptors for the
nerve growth factor (NGF). Via these receptors, NGF prevents
cell apoptosis. Thus, the authors have discovered that, by binding
to TrkA, DHEA exerts an antiapoptotic effect in HEK-293 cells,
and reversal of apoptotic loss of TrkA positive sensory neurons in
DRG of NGF null mouse embryos.

On the other hand, NGF/TrkA signaling pathway has already
been implicated in pain transmission (Hirose et al., 2016). From
the developmental standpoint, NGF is necessary during fetal
period for normal growth of sensory nerve fibers belonging
to pain pathways. However, during the adulthood, an NGF
increase occurs during peripheral inflammation and nerve injury.
This increase of peripheral NGF leads to the sensitization of
surrounding nerves inducing pain, which is a protective response
to prevent further tissue injury. But, if the inflammation and
nociception persist, the protective value of increased NGF is lost
leading to central and peripheral sensitization of pain pathways,
and to the development of chronic pain states. This notion
has been confirmed in the study by Ashraf et al. (2016) where
an experimental compound has been utilized to antagonize
effects of NGF via blocking the TrkA receptors, and therefore
reducing pain and joint damage in rat models of inflammatory
arthritis. Interestingly, a synthetic analog of DHEA, named
BNN27, has been recently shown to interact with TrkA receptors
(Pediaditakis et al., 2016) on DRG neurons without exerting
pronociceptive behavior. This indicates a selective action against
neurodegeneration but not influencing the pain pathways.
Therefore, the rogue neurosteroid DHEA, and synthetic analogs,
could have a more pleiotropic role, by simultaneously interacting
with different receptor systems and hence, exerting different
effects, that could be both beneficial and detrimental, depending
on the activated pathways, age, and pathologies. Further studies
are needed to elucidate the mechanisms of these dichotomous
effects of DHEA in the pain pathway.

Progesterone’s metabolites, DHP and THP, have also been
proven to act as analgesics in various pain models. For example,
in the sciatic nerve crush injury model, progesterone and DHP
successfully alleviated thermal nociception. This is possibly
accomplished by restoring the thickness of the myelin and
reducing the density of the fibers, as well as normalizing the
function of Na+/K+-ATPase pump activity (Roglio et al., 2008).
In chemically induced neuropathies, such as streptozotocin-
induced diabetic neuropathy and chemotherapy-induced
neuropathy, progesterone, allopregnanolone, and 5α-DHP
have alleviated either thermal and/or mechanical nociception
(Leonelli et al., 2007; Meyer et al., 2010, 2011).

Pathirathna et al. (2005b) have shown that allopregnanolone
successfully alleviated mechanical and thermal hyperalgesia in
the neuropathic pain model of loose sciatic nerve ligation
in rats by modulating both T-type Ca2+ channels (T-
channels) and GABAA receptors. Specifically, allopregnanolone
was a more potent analgesic than its analogs, which
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FIGURE 2 | Proposed mechanisms of analgesic effect of endogenous and synthetic neurosteroids.

only inhibited T-channels or potentiated GABAA-gated
currents.

Additionally, Ayoola et al. (2014) have found that local
paw injections of epipregnanolone, an endogenous 5β-reduced
neurosteroid without potentiating effects at GABAA receptors,
successfully alleviated mechanical and thermal sensitivity in both
wild-type mice and rats, but not in CaV3.2 T-type calcium
channel knock-out mice. This suggests that the antinociceptive
effect of epipregnanolone is mediated largely by inhibition of
T-channels in peripheral nociceptors.

Taken together, these data strongly suggest that endogenously
produced neuroactive steroids are very potent analgesics in
different pain models, and that they exert their analgesic effects
via various receptor systems and ion channels, most notably
GABAA receptors and T-type calcium channels (Figure 2).
On one hand, their ability to evoke effects through different
receptor systems, either directly or through second-messenger

systems, makes them an excellent alternative to conventional
therapeutic options for treating various pain states. On the
other hand, drugs that target so many receptor systems
often produce various adverse events in humans. Therefore,
creating a potent, but more selective, neuroactive steroid
would be a focus of future studies of these interesting
compounds.

ANALGESIC PROPERTIES OF 5α- AND
5β-REDUCED STEROID ANALOGS

The role of GABAA receptors as the main inhibitory receptors
in pain pathways is well established (Millan, 1999); however,
the role of voltage-gated Ca2+ channels (VGCCs) has not
been explored as thoroughly. Based upon the membrane
potential that activates them, VGCCs can be divided into
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two categories: high-voltage-activated (HVA) and low-voltage-
activated T-type Ca2+ channels. Of interest for this review
are T-type Ca2+ channels that are important targets for many
analgesic neurosteroids. Since the discovery of the role of
these channels in neuronal excitability, and their presence
on peripheral sensory neurons whose cell bodies are located
in the DRG (Carbone and Lux, 1984), a growing interest
for studying these channels in pain transmission has arisen
(Todorovic et al., 2001; Bourinet et al., 2005; Jacus et al., 2012;
Rose et al., 2013). Therefore, synthetic analogs of neuroactive
steroids with affinity for T-channels have been synthetized
to investigate their role in both acute and chronic pain
models.

Among several synthetic 5α-analogs tested, our previous
work has shown that ECN, [(3β,5α,17β)-17-hydroxyestrane-3-
carbonitrile], a potent enantioselective blocker of T-channels
without potentiating effects at GABAA receptors (Todorovic
et al., 1998), induced potent analgesia when applied locally as an
intraplantar injection in healthy rats (Pathirathna et al., 2005a).
Furthermore, when combined with CDNC24, a GABAA selective
neurosteroid without analgesic effect per se, the antinociceptive
effect of ECN was greatly potentiated. This synergistic analgesia
was abolished with a GABAA-receptor antagonist biccuculine,
indicating that there is an interplay between GABAA receptors
and T-channels in peripheral nociceptors that helps them to
work in concert when alleviating acute pain (Pathirathna et al.,
2005a).

These two 5α-reduced analogs have been shown to alleviate
pain in chronic neuropathy as well. Our group has shown that
in a model of chronic constrictive injury (CCI) of the sciatic
nerve, local intraplantar injections of either ECN or CDNC24
more selectively alleviated thermal nociception in neuropathic
animals than in a sham group, as compared to allopregnanolone
or alphaxalone (Pathirathna et al., 2005b). This can be explained
by the fact that synthetic neurosteroids are more selective to
either GABAA and/or T-channels, while allopregnanolone and
alphaxalone have many other targets on which to exert their
antinociceptive effect.

The fact that CDNC24 exerted effect in injured but not in
healthy animals can be explained by the changes in expression
and/or conductance of GABAA receptors during injury. The
study of Xiao et al. (2002) has confirmed the increase in mRNA
levels for α5 subunit of GABAA receptors on the cell bodies
of peripheral sensory neurons, while Yang et al. (2004) have
shown the upregulation of α5 subunit of the GABAA receptor
in the spinal cord after nerve injury. It is noteworthy that both
alphaxalone and allopregnanolone may exert antinociceptive
effect through potentiating GABAA currents as well as inhibiting
T-currents. More importantly, after blocking the GABA-ergic
effect with biccuculine, a potent analgesia could still be observed,
indicating that a great portion of neurosteroid-induced analgesic
effect is related to the T-channel inhibition. As previously
mentioned, neuroactive steroids have various targets to prevent
mechanisms that trigger plasticity changes in the nervous
system. Perhaps a future strategy of preventing neuropathic
pain could be achieved by blocking T-channels heavily involved
in neuronal excitability. Furthermore, systemic intraperitoneal

administration of ECN effectively reversed mechanical and
thermal hyperalgesia in painful diabetic neuropathy in morbidly
obese leptin-deficient ob/ob mice (Latham et al., 2009). In
addition, some studies have implicated GABAA receptors in
the dorsal horn of spinal cord as important targets for
treatment of painful diabetic neuropathy (Jolivalt et al., 2008).
These data strongly suggest that neurosteroids targeting either
T-type channels and/or GABAA receptors may be beneficial in
treatment of intractable pain associated with peripheral diabetic
neuropathy.

Recent behavioral and immunohistological studies have
confirmed the presence of both GABAA receptors and the
CaV3.2 isoform of T-channels on the peripheral nociceptors
(Rose et al., 2013; Obradovic et al., 2015). CaV3.2 isoform
of T-channels has also been found presynaptically in the
spinal cord where these channels support glutamate release
from the central endings of nociceptive sensory neurons (Jacus
et al., 2012). In addition, the CaV3.1 isoform of T-channels
controls the opioidergic descending inhibition from the low-
threshold spiking GABAergic neurons in the periaqueductal
gray (PAG; Park et al., 2010). Some previous studies showed
that an increase of intracellular calcium in Purkinje cells
increases sensitivity to GABA (Llano et al., 1991). On the
other hand, intracellular calcium decreases the affinity of GABA
receptors in sensory neurons of the bullfrog (Inoue et al.,
1986). Perhaps, in the PNS, blocking the T-channels leads
to the decreased intracellular Ca2+, which in turn leads to
the increased activity of GABAergic inhibition. Overall, these
data suggest that there is a strong interaction between the
GABAergic inhibitory system and T-type channels in both
central and peripheral components of the pain pathway.
However, exact mechanisms of this interaction remain to be
determined.

Previous work from our lab has also shown that synthetic
5β-reduced neurosteroids can successfully alleviate somatic
pain (Todorovic et al., 2004). The steroid structures tested
both in vitro and in vivo contain either 3-cyano and 17-
hydroxyl groups or 3-hydroxyl and 17-cyano groups. These
selective T-channel blockers have exerted significant and dose-
dependent analgesia when injected locally into the plantar
surface of the hind paw in healthy rats. Specifically, (3β,5β,17β)-
3-hydroxyandrostane-17-carbonitrile (3β-OH) was one of the
most effective synthetic 5β- reduced neurosteroids in alleviating
thermal nociception. Interestingly, the potency to block isolated
T-currents in DRG neurons in vitro corresponded well to their
potency to exert thermal antinociception in vivo. Furthermore,
3β-OH has been recently shown to possess hypnotic effect
and was able to induce loss of righting reflex in neonatal
rats without causing harmful effects to the brain of exposed
animals (Atluri et al., 2018). It is reasonable to assume that
both analgesic and hypnotic effects were likely exerted by
blocking low voltage activated T-channels, suggesting that
this novel synthetic neurosteroid with a specific and selective
mechanism of action could be used for preemptive analgesia
and anesthesia. However, further studies are needed to test
this notion, and to investigate the effects of other synthetic
neurosteroid analogs in both acute and chronic pain models.
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CONCLUSION

Endogenous neurosteroids are very potent molecules with
effects on many crucial processes in the nervous system. By
targeting several different receptor systems, they are able to
reduce maladaptive changes in the sensory nervous system,
which in turn could prevent the development of central
sensitization and chronic pain states. Perhaps, increasing the
production of endogenous neurosteroids, such as progesterone
and allopregnanolone, in the spinal cord and peripheral nerves
would be a future therapeutic option for treating various pain
states in humans. This strategy has already been employed in
several animal studies and has proven successful in neuropathic,
inflammatory, as well as in postoperative pain models (Aouad
et al., 2009; Giatti et al., 2009; Hernstadt et al., 2009; Mitro
et al., 2012; Xiong et al., 2017). By targeting specific translocator
protein-18 kDa (TSPO) and/or liver X receptors (LXR), it is
possible to increase neuronal steroidogenesis, thus preventing
systemic endocrine effects that could appear as a consequence of
systemic application of neurosteroids.

On the other hand, synthetic 5α- and 5β-reduced steroid
analogs have great potential in treating acute and chronic pain.
Since rigid steroid molecules can be sculpted to generate more
selective compounds towards GABAA receptors and T-channels,
they may be the most interesting in terms of further development
as novel pain therapies. An example would be 3β-OH, a synthetic
neurosteroid with hypnotic and analgesic properties, that could
be a promising new agent to reduce postsurgical hyperalgesia,

when applied as a part of a balanced anesthesia, thus potentially
reducing the necessity for other analgesic drugs, such as opioids
after surgery. By specifically targeting key ion channels that
contribute to the modulation of pain perception, synthetic
neurosteroids could in turn alleviate pain in patients, hopefully
with less adverse events than currently used therapies. Future
clinical trials are necessary to investigate their analgesic potential
and safety profile in the human population.
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Corticosteroids have played a standard role in the multimodal pain management in
the treatment of chronic spinal pain (cervical and lumbar) and osteoarthritis pain
over the past three decades. In this review we discuss different types of injectable
steroids that are mainly used for injection into the epidural space (for the treatment
of radicular back and neck pain), and as intra-articular injections for different types of
osteoarthritis related pain conditions. Furthermore, we discuss different approaches
taken for epidural corticosteroid injections and spinal surgical rates when injections
fail to resolve painful conditions, as well as the possibility of using local anesthetics
alone for neuraxial injections, instead of in combination with corticosteroids. While we
present some beneficial effects of newly available treatment options for low back pain
and osteoarthritis pain, such as use of PRP and hyaluronic acid, corticosteroids remain
important considerations in the management of these chronic pain conditions.

Keywords: corticosteroids, chronic pain, osteoarthritis, back pain, neck pain

CORTICOSTEROIDS AND PAIN

While glucocorticoid steroids have historically been identified for centuries, the focus on their
role in painful conditions has been incomplete. One rationale for this limited role could be our
understanding that the benefits of the anti-inflammatory properties of steroids in pain management
are exclusively supplementary to other therapies employed.

Glucocorticoids (cortisol/hydrocortisone) exert various physiologic effects primarily within
immunological and metabolic systems, but also play a role in cardiovascular function and body
fluid homeostasis. A healthy adult produces about 10–20 mg of cortisol daily, most of which is
bound to corticosteroid-binding globulin, whereas exogenously administered dexamethasone is
largely bound to albumin (Katzung, 2009).

The hypothalamic-pituitary-adrenal (HPA) axis plays a paradoxical role in regard to certain
types of steroid responses to acute and chronic pain, which are dependent on dose, site, and
mode of application of steroids. Pain comprehension is regulated at numerous levels of the central
neuraxis, and particularly by higher cognitive processes. One study has shown that, upon injury,
dorsal root ganglion (DRG) cells produce a neuropathic pain state from disinhibition of pain signal
transmission, while glial cells prolong this condition through growth factor (GF) release and their
subsequent action on the immune system (Fields, 2009). Future studies should focus on therapeutic
alterations of glial-mediated hypersensitivity as well as on morphological and functional changes in
important higher cerebral regions.

Oral, intramuscular, intravenous, transcutaneous, and neuraxial administration of corticos-
teroids has, over the past 30 years, been used in the management of different degenera-
tive disease states (cervical and lumbar degenerative disease, osteoarthritis, etc.). During the
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pain management evolution from using oral steroids to
fluoroscopically-guided epidural and transforaminal steroid
injection techniques, research was begun to implement an
algorithm for using the most superior methods of relieving
back pain and radicular pain. In addition, corticosteroids are
used intraarticularly for treating different osteoarthritis pain
conditions. The aim of this review is to portray the evolution of
the roles of steroids in pain management as well as to address the
present debates among pain management specialists with respect
to treatment options used in the management of chronic radicu-
lar type spinal pain, including the types of steroids and techniques
performed. Moreover, special emphasis will be placed on the
relationship of incorporating our literature review and formulat-
ing clinical decision-making, thereby acknowledging the need for
identifying additional improvements in currently published pain
management guidelines.

MECHANISM OF CLINICAL EFFICACY
OF CORTICOSTEROIDS

The mechanism of action of corticosteroids is largely due to
cytokine suppression. Risbud and Shapiro (2014) have assessed
the relationship between cytokines and the development of
intervertebral disc degeneration. Their proposed link between
the two modalities begins with injury (i.e., trauma, infection,
smoking) and follows with the release of cytokines from both the
nucleus pulposus and annulus fibrosus as well from macrophages,
neutrophils, and T cells. Cytokines include tumor necrosis
factor alpha (TNFα), interleukin 1-beta (IL-1β), various other
interleukins including IL-1 α/β, IL-2, IL-4, IL-6, IL-8, IL-
10, IL-17, as well as IFN-γ, chemokines, and Prostaglandin
E-2 (PGE-2). Proinflammatory cytokines enhance the activa-
tion and migration of immunocytes, with subsequent initia-
tion of a molecular reaction, leading first to intervertebral disc
degeneration and, ultimately, to a radicular back and/or neck
pain.

Corticosteroids have direct and indirect roles in minimiz-
ing the production/release of previously mentioned cytokines by
inhibiting Phospholipase A2 and the ensuing arachidonic acid
metabolic pathway. The proposed mechanism results in both
disc degeneration and pain expression reduction. Additionally,
corticosteroids enhance the inhibition of transcription factors
(e.g., NK-κB) and result in the subsequently decreased expression
of pro-inflammatory genes, whereas upon binding to glucocor-
ticoid responsive elements (GREs) adjacent to promoters of
anti-inflammatory genes, they increase the expression of the
latter.

DIFFERENT INJECTABLE STEROIDS

A study by Haimovic and Beresford (1986) assessed the efficacy
of oral dexamethasone in patients with lumbosacral radicu-
lar pain using a 7-day taper dose from 64 to 8 mg and
showed negligible short- and long-term sciatica pain relief
when compared to placebo. Webster et al. (2005) compared

the initial approach of treating acute low back pain among
720 physicians of different medical specialists; it was found
that among family medicine physicians, GPs, internal medicine
physicians, as well as emergency medicine and osteopathic
medicine specialists, nearly 25% of the surveyed physicians
opted for systemic corticosteroids as their initial approach for
the management of acute low back pain-related sciatica. Holve
and Barkan (2008) evaluated whether oral prednisone could be
used to treat acute sciatica. A 60–20 mg dose of prednisone
was tapered for 9 days and was compared to placebo; upon
weekly follow-ups in the first month, and monthly follow-up
for 5 months, leg and back pain scores, use of analgesics,
quality of life and functionality questionnaires demonstrated
no significant benefit of early oral prednisone use in patients
with sciatica pain (Holve and Barkan, 2008). With respect to
their inadequate efficacy in decreasing low back pain, focus has
been shifted from the use of oral corticosteroids to epidural
steroid injections. Furthermore, the evidence has demonstrated
that the use of steroid injections alone or in combination with
other modalities has improved symptoms, treatment satisfaction
scores and cost-effectiveness in the management of low back
pain (Spijker-Huiges et al., 2014, 2015). Spijker-Huiges et al.
(2014) demonstrated in a single-blinded, randomized controlled
trial (RCT) improved treatment scores in a group of patients
undergoing lumbar radicular syndrome treatment using segmen-
tal epidural steroid injections (SESIs) added to the usual pain
treatments compared with control (p = 0.006). Another RCT
demonstrated a significant improvement regarding the quality of
life in the physical domain of the SF-36 questionnaire among
patients utilizing SESIs compared to a control group in the
management of lumbosacral radicular syndrome (Spijker-Huiges
et al., 2015).

Depending on their water solubility and aggregation charac-
teristics, various injectable steroid preparations can be broadly
classified into two groups: particulate (“poorly soluble”) and non-
particulate (“soluble”). In general terms, steroid names ending in
“-lone” are particulate and long-acting, whereas those ending in
“-sone” are non-particulate and short-acting. Particulate steroids
(i.e., methylprednisolone acetate, triamcinolone acetonide, and
prednisolone acetate) have a longer duration of action and
require fewer repeated injections than do soluble steroids;
however, they may cause infarction of the brain and spinal
cord if injected arterially. Non-particulates (soluble steroids)
(i.e., betamethasone and dexamethasone) are arguably safer than
particulates, but have short-lived anti-inflammatory effects. Tiso
et al. (2004) presented a case report of a massive cerebellar infarc-
tion occurring in one of his own patients undergoing cervical
transforaminal injection, and tested the hypothesis that particu-
late size in corticosteroid formulations may contribute to embolic
vascular occlusion. They demonstrated that there were 8.6%
of methylprednisolone acetate >50 µm and 3.7% of triamci-
nolone acetonide >50 µm in any given population as assessed
using scanning electron microscopy. The implications of steroid
size can be related to the diameter of arterioles and branch-
ing arteries wherein aggregates of particulate (insoluble) steroids
could occlude these vascular pathways leading to a reduction or
complete cessation of blood flow.
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Kennedy et al. (2014) conducted a randomized, double-
blind trial where they evaluated whether there was a signif-
icant difference regarding the effectiveness between particu-
late (triamcinolone) and non-particulate steroids (dexametha-
sone) when used in lumbar transforaminal epidural steroid
injections in 78 patients (TFESI). Results demonstrated signifi-
cant improvements with respect to pain and function at 2 weeks,
3 months, and 6 months with no apparent differences among
different steroid preparations used (particulate/insoluble vs. non-
particulate/soluble). However, a third TFESI was required to
manage radicular pain more frequently in patients receiving
dexamethasone than in patients receiving triamcinolone (17.1%
vs. 2.7%, respectively) (7:1 factor) (Kennedy et al., 2014). Non-
particulates/soluble steroids, on the contrary, have a decreased
potential for infarction when compared to particulate steroids
due to non-aggregation in end-arterioles, which may be one
rationale for considering their use in transforaminal approaches.

PRESERVATIVES IN CORTICOSTEROID
INJECTIONS

In addition to their differences regarding chemical structure and
particle size, steroids also vary with respect to different types
of preservatives used in the manufacturing process to prolong
their shelf lives. In a mutual collaboration, officials from the
Centers for Disease Control and Prevention (CDC) and Food and
Drug Administration (FDA) investigated a multistate outbreak
of fungal meningitis and other infections in patients who had
received contaminated, preservative-free methylprednisolone
acetate (MPA) steroid injections made by one compounding
company (Pettit et al., 2012). Even though it was assumed
that a faulty manufacturing process might have been responsi-
ble (New England Compounding Center in Framingham, MA,
United States), it also implicated the present challenges manufac-
turers face when making “preservative-free” glucocorticoid
preparations. Consequentially, the majority of steroid prepara-
tions commercially prepared include preservatives (i.e., benzyl
alcohol, polysorbate, monobasic sodium phosphate, polyethy-
lene glycol, myristyl gamma picolinium chloride, benzalko-
nium chloride) for the purpose of sterility preservation and for
enhanced shelf life. Despite the paucity of evidence regarding
the clear risks with manufactured steroids with added preser-
vatives shown in the fungal meningitis outbreak, the hazardous
potential of added preservatives in commercially available MPA
was noted in a study conducted by Knezevic et al. (2014a). This
study demonstrated a linear dose-response relationship between
increased concentrations of either PEG or myristyl-gamma-
picolinium chloride or their combination and cytotoxic effects
on dorsal root ganglia (DRG) sensory neurons in rat models.
Candido et al. (2011) demonstrated a method of decreasing the
concentration of polyethylene glycol (PEG) preservative in the
commercial formulation of methylprednisolone acetate (MPA)
injection. This study showed that by inverting the vial with a
commercial formulation of MPA for about 2–4 h, prior to aspirat-
ing its contents, an average of 85% of PEG per vial would be
removed (Candido et al., 2011).

WHICH APPROACH IS SUPERIOR IN
TERMS OF EFFICACY FOR USING
EPIDURAL STEROIDS IN THE
TREATMENT OF UNILATERAL LUMBAR
RADICULAR PAIN? TRANSFORAMINAL;
INTERLAMINAR; CAUDAL

Transforaminal epidural steroid injections (TFESIs), interlam-
inar epidural steroid injections (ILESIs) and caudal epidural
injections remain the most extensively evaluated and utilized
epidural injection techniques for managing lumbar radicular
type pain. Three systematic reviews showed that for chronic
unilateral radiculitis secondary to intervertebral disc disruption,
the addition of corticosteroids to local anesthetics used alone
for injection can increase the efficacy of all three approaches
(Benyamin et al., 2012; Manchikanti et al., 2012; Parr et al.,
2012). Parr et al. (2012) reviewed 16 studies with caudal epidural
injection techniques and demonstrated good evidence regard-
ing chronic pain alleviation secondary to disc herniation or
radiculitis in the short- and long-term when a combination of
local anesthetic and steroids was used. In addition, fair pain
relief when local anesthetics were used alone was appreciated
in spinal stenosis, axial discogenic pain and failed back surgery
syndrome. Benyamin et al. (2012) conducted a systematic review
that included 26 studies, which evaluated the effects of lumbar
interlaminar epidural injections in the management of differ-
ent types of chronic low back and extremity pain. The use of
local anesthetics with steroids was associated with good and fair
evidence in the management of radiculitis secondary to disc
herniation and radiculitis secondary to spinal stenosis, respec-
tively. Moreover, fair results were shown for axial pain without
disc herniation when local anesthetics were used with or without
steroids (Benyamin et al., 2012). A systematic review of 27 studies
that assessed transforaminal epidural injections for the low back
and lower extremity pain was conducted by Manchikanti et al.
(2012). Using a combination of local anesthetics and steroids,
there was a good evidence in the management of radiculitis
secondary to disc herniation and fair evidence for radiculi-
tis secondary to spinal stenosis. In contrast, the evidence was
fair with the use of local anesthetics alone for transforami-
nal epidural injections to prevent surgery. However, there was
limited evidence with the use of local anesthetics with or without
steroids in the management of axial pain and post-surgery
syndrome (Manchikanti et al., 2012).

There is conflicting data about which technique, ILESI or
TFESI, is superior in the treatment of sciatica. Cohen et al. (2013),
in a purely opinion piece non-systematic review and non-meta-
analysis supported by 317 references opined in their review that
transforaminal injections were more likely to produce positive
results than interlaminar or caudal injections. Furthermore,
subgroup analyses indicated that the likelihood of positive
response for lumbar herniated disc was somewhat greater when
compared to spinal stenosis or axial spinal pain. This inference
was challenged in a systematic review and meta-analysis by
Chang-Chien et al. (2014). Their analysis compared TFESI vs.
ILESI under fluoroscopic guidance in the treatment of 506
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patients with unilateral lumbosacral radicular pain. There was
a non-clinically significant 15% difference in the favor of TFESI
vs. ILESI at 2 weeks for pain relief, while no efficacy difference
between the two techniques was documented at 1 or 6 months.
Moreover, functional improvement was better in ILESI (56.4%)
vs. TFESI groups (49.4%), although this result was also non-
clinically significant (Chang-Chien et al., 2014).

The main characteristics of all RCTs that compared different
approaches and different types of steroids are shown in Table 1.

SURGERY RATES AFFECTED BY
DIFFERENT INJECTABLE TECHNIQUES

It is necessary to determine whether epidural steroid injections
used in an acute episode of radicular low back pain can prevent
the need for spinal surgery. If the primary focus was on spinal
surgery requirements, lumbar TFESI would initially be consid-
ered advantageous over other techniques. It is burdensome to
compare studies to answer this question because of the differ-
ent approaches (TFESI vs. ILESI), steroid preparations utilized
(particulate vs. non-particulate) and patient communities (acute
vs. chronic disease).

Riew et al. (2000) presented in their study that 29/55 patients
with lumbar radicular pain did not require surgical interven-
tion for their condition in a 13–28 months follow-up following
selective nerve-root injection with bupivacaine and dexametha-
sone compared to bupivacaine only. There was a highly signif-
icant difference between the number of patients who opted to
proceed with the surgery having used bupivacaine alone (18/27)
vs. bupivacaine and betamethasone (8/28). Moreover, the patients
who had received bupivacaine and betamethasone had significant
alleviation of low-back pain as well as significant improvement
in their scores on the questionnaires about treatment expecta-
tions.

Another study conducted to determine whether there were
differences between TFESI using either dexamethasone or
triamcinolone was a double-blinded prospective trial on 78
patients with a unilateral radicular pain from single level
herniated nucleus pulposus (Kennedy et al., 2014). The surgical
rates between dexamethasone and triamcinolone groups were
comparable at 14.6 and 18.9%, respectively; and while both
steroids resulted in significant improvements regarding pain and
function at 2 weeks, 3 months, and 6 months, there were no
apparent differences between the two groups. In addition, there
was a significant difference between the number of injections
received; the dexamethasone group received significantly more
injections than the triamcinolone group to achieve the same
results (17.1% vs. 2.7%, respectively) (Kennedy et al., 2014).
Knezevic et al. (2014b) commented on the high surgery rate
from the previous study and noticed how these differences may
be a result of biased preference for proceeding to surgery when
voicing opinions from different medical specialists (surgical vs.
chronic pain specialists).

A prospective, randomized, blinded study conducted by
Candido et al. (2013) compared midline and lateral parasagit-
tal approaches of lumbar interlaminar epidural steroid injection

(ILESI) in 106 patients with unilateral lumbosacral radiculo-
pathic pain. Results have shown that even though ILESI with
both approaches demonstrated statistically and clinically signif-
icant pain alleviation, using the lateral parasagittal approach
showed clinically and statistically significantly longer pain relief,
better quality of life scores, improvement in everyday function-
ality, and less pain medication utilization when compared to the
midline approach. However, patients using the lateral parasagit-
tal approach had significantly higher rates of ipsilateral pressure
paresthesia during the injection phase of the steroid procedure,
which correlated with pain relief and could therefore be used as
a prognostic factor. This study also showed that the surgery rate
at the one-year follow-up was only 4%, (Candido et al., 2013) in
contrast to much higher percentage in the Kennedy et al. (2014)
study that utilized the TFESI approach. While it may be true
that there are difficulties extrapolating from results in possibly
disparate patient subject groups between the respective studies,
these studies emphasize the difficulties in making a consensus
statement with respect to surgery rates.

FDA WARNING FROM APRIL 23, 2014

On April 23, 2014 the FDA issued a safety announcement
expressing concerns that epidural corticosteroid injections may
be accompanied by rare, but serious adverse events, including
vision impair, stroke, paralysis, and ultimately death (FDA, 2014).
However, this announcement was criticized by the members
of pain management community for two reasons. First, the
supplemented references in this letter were strongly oriented
toward the transforaminal approach (higher rates of vascular
compromise) (14/17 FDA references were exclusively related to
transforaminal epidural steroid injections), whereas no reference
expressed concerns with the use of epidural steroid injections
using a lumbar interlaminar approach. In addition, the majority
of previously discussed adverse events were related with the
injection of particulate steroids (Candido et al., 2014). Even
though the FDA warning should be taken with the utmost
importance, it should still be clarified that given the unequal
properties of different epidural steroid injections, it is difficult to
draw a conclusion that the generalized risks described by the FDA
accompanies the use of interlaminar epidural steroid injections.

CAN WE USE ONLY LOCAL
ANESTHETICS INSTEAD OF
COMBINATION OF LOCAL
ANESTHETICS AND CORTICOSTEROIDS
FOR EPIDURAL INJECTIONS?

Zhai et al. (2017) conducted a meta-analysis of 10 RTCs (a total
of 1111 patients) to evaluate the effects of local anesthetics alone
or in combination with steroids in epidural injections in the
management of various chronic low and lower extremity pain
conditions. Results showed that the Numeric Rating Scale pain
scores were significantly reduced in 40.2% of patients without
steroids and 41.7% of patients with steroids by 4.12 and 4.09
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scores (on a 11-point numeric pain rating scale), respectively.
Furthermore, 40.7% of patients using local anesthetic alone and
39.8% of patients using a combination treatment reached signif-
icantly improved functional status. Oswestry Disability Indices
(ODI) between the two groups were decreased by 12.37 and 14.5,
respectively. The opioid intake in the two groups decreased from
baseline by 16.92 MME (mg morphine equivalents) in patients
that did not use the steroid combination and 8.81 mg in patients
who did. Finally, the average number of procedures per year
in the local anesthetic group was 3.68 ± 1.26, and 3.68 ± 1.17
in the combination group, while the average total pain relief
per year was 32.64 ± 13.92 and 31.67 ± 13.17 weeks, respec-
tively. This study has confirmed the similar results when using
epidural injections with local anesthetic alone or with steroids
in the management of patients with chronic low back and lower
extremity pain.

Manchikanti et al. (2015) conducted a comparative analysis
of efficacy of caudal and lumbar interlaminar approaches of
epidural injections in the management of axial or discogenic
low back pain. Two RCTs that involved 240 patients with
chronic low back pain not caused by disc herniation, facet joint
pain, or radiculitis and who received either local anesthetic
alone or in combination with a steroid were followed up
for 24 months. The group receiving local anesthetic alone
achieved significant pain relief and functional status improve-
ment with a lumbar interlaminar and caudal approach in 72
and 54%, respectively. The group receiving a combination of
local anesthetic and steroid had a significant response rate with
lumbar interlaminar and caudal approaches in 67 and 68%,
respectively. This analysis demonstrated that epidural injections
with local anesthetic using a lumbar interlaminar approach
in the management of chronic low back pain, after exclud-
ing facet joint and SI joint pain, may be superior to a caudal
approach.

THE ROLE OF PLATELET RICH PLASMA
(PRP) IN MANAGEMENT OF BACK PAIN

Singla et al. (2017) conducted a prospective randomized open
blinded end point (PROBE) study testing the role of PRP in
the treatment of low back pain. They allocated 40 patients
diagnosed with sacroiliac joint (SIJ) pain into two groups; one
group received 1.5 mL of methylprednisolone (40 mg/mL) and
1.5 mL of 2% lidocaine with 0.5 mL of saline, whereas another
group received 3 mL of leukocyte-free platelet-rich plasma (PRP)
with 0.5 mL of calcium chloride using an ultrasound-guided SIJ
injection. Compared to patients taking steroids, pain intensity
was significantly lower among patients receiving PRP at 6 weeks
and 3 months. In addition, the efficacy of steroid injections at
3 months was reduced in the steroid group and PRP group by
25 and 90%, respectively. When other factors were controlled,
patients receiving PRP showed a reduction of VAS ≥ 50% from
baseline. Patients receiving steroids had SF-12 and MODQ scores
improved for up to 4 weeks, but then declined at 3 months,
whereas the scores in patients receiving PRP improved up to
3 months.

CORTICOSTEROIDS IN
OSTEOARTHRITIS

Tian et al. (2018) conducted a systematic review and meta-
analysis of 4 RCTs regarding the efficacy and safety of intra-
articular injection of methylprednisolone for pain reduction in
739 patients with knee osteoarthritis. Results revealed significant
improvement with respect to WOMAC (Western Ontario and
McMaster Universities Arthritis Index) pain scores and physical
function at 4, 12, and 24 weeks when compared to placebo with
no severe adverse events noted.

Juni et al. (2015) conducted a Cochrane meta-analysis of
27 RCTs to evaluate the benefits and harms of intra-articular
corticosteroids in 1,767 patients with knee osteoarthritis. The
use of steroids was both met with higher pain score reduction
(1.0 cm difference on a 10-cm VAS scale) and also with
more effective function improvement (a difference in function-
ing scores of −0.7 units on WOMAC disability scale) when
compared to control. Not only did the quality of life among
patients taking steroids remain the same, but they were also
less likely to experience adverse events and withdraw because of
them.

A phase 2, open-label study of 81 patients with knee
osteoarthritis evaluated the pharmacokinetic properties of
intra-articular (IA) triamcinolone acetonide (TA) delivered as
an extended-release, microsphere-based formulation (FX006)
versus a crystalline suspension (TAcs). In this study, Kraus
et al. (2018) showed that TA synovial fluid concentrations
following FX006 and TAcs were quantifiable through weeks 6
and 12, respectively. When compared to TAcs, microsphere-
based TA delivery via a single IA injection resulted in
prolonged SF joint concentration, diminished peak plasma
levels, and reduced systemic TA exposure (Kraus et al., 2018).
Conaghan et al. (2018) performed a phase-3, multicenter,
double-blinded study of 484 patients with knee osteoarthri-
tis comparing the benefits and safety profile of intra-articular
injections of FX006, saline-solution placebo and TAcs. It was
found that FX006 provided significant improvement (∼50%)
in average-daily-pain (ADP)-intensity from baseline to week 12
compared with placebo, whereas improvements in osteoarthri-
tis pain were not significant for FX006 compared with TAcs
(Conaghan et al., 2018). The roles of corticosteroids as treatment
modalities for knee osteoarthritis have been described in
Table 2.

There are two ongoing clinical trials testing an extended-
release triamcinolone (FX006). One trial is evaluating mean
standardized change in synovial fluid volume at 6 weeks follow-
ing single intra-articular injection of FX006 32 mg in patients
with osteoarthritis of the knee (NCT03529942). The other study
is measuring the concentration of triamcinolone acetonide in
blood plasma through 12 weeks as well as the incidence of
treatment emergent adverse events following the comparison
of single intra-articular injections of FX006 32 mg vs. TAcs
40 mg in patients with osteoarthritis of the shoulder or hip
(NCT03382262) (Clinicaltrial.gov, 2018). The roles of corticos-
teroids as treatment modalities for knee osteoarthritis have been
described in Table 2.
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THE ROLE OF HYALURONIC ACID IN
MANAGEMENT OF OSTEOARTHRITIS

Hangody et al. (2018) conducted a multicenter, double-blind
clinical trial wherein they compared the efficacy and safety
between intra-articular injections of Monovisc (hyaluronic acid),
Cingal (hyaluronic acid plus triamcinolone hexacetonide), or
saline in 368 patients with knee osteoarthritis. Clinical improve-
ment from baseline was significantly greater compared to saline
through 12 and 26 weeks. The use of Cingal demonstrated a
WOMAC Pain reduction by 70% at 12 weeks and by 72% at
26 weeks. At 1 and 3 weeks, Cingal was significantly better
than Monovisc for most endpoints; however, the two treatment
modalities showed similar benefits from 6 weeks through
26 weeks (Hangody et al., 2018).

Campbell et al. (2015) conducted a study with three meta-
analyses (a total of 3,230 patients) to compare intra-articular
platelet-rich plasma (IA-PRP) versus control (intra-articular
hyaluronic acid or intra-articular placebo) in the treatment
of knee osteoarthritis. Utilization of PRP resulted in signif-
icant improvements in patient outcomes that commenced at
2 months and which were maintained for up to 12 months
after injection. Furthermore, it was shown that patients with
less radiographic evidence of arthritis benefited more from
PRP treatment, whereas multiple PRP injections were associ-
ated with increased risk of self-limited local adverse reactions.
All studies found that IA-PRP injection led to significant
improvements in patient outcomes (WOMAC score, IKDC score,
Lequesne index) and to greater increases in the pooled effect
size versus treatment with control (HA or NS) at 6 months after
injection.

He et al. (2017) performed a meta-analysis of 12 RCTs in
order to compare efficacy and safety of intra-articular hyaluronic
acid and intra-articular corticosteroids in 1,794 patients with
knee osteoarthritis. Patients taking steroids had better VAS pain
scores up to 1 month after injection compared to patients taking
hyaluronic acid; however, at 6 months the reverse was true.

At 3 months after the injection, VAS pain scores were equal
between the two groups. With respect to WOMAC score, there
were no significant differences at 3 months, whereas at 6 months
the hyaluronic acid group showed greater relative effect. There
was equal efficacy regarding the improvement of active range
of knee flexion between the two groups at 3 and 6 months.
Rescue medication use after treatment initiation and propor-
tion of withdrawal for knee pain were similar between the two
groups, however, topical adverse effects were more common in
the hyaluronic acid group when compared to the corticosteroid
group.

CONCLUSION

Corticosteroids have become a standard part of the multimodal
pain management algorithm in the treatment of back pain
(cervical and lumbar) and osteoarthritis over the past three
decades. There are many studies demonstrating the effective-
ness of epidural corticosteroids in managing radicular low back
and neck pain. However, some of the studies have shown that
even the use of local anesthetics without corticosteroids may
be beneficial for patients. Since the majority of patients require
multiple injections over the course of their disease progression, it
is imperative to be aware of all risks and benefits, patients’ safety,
and cost-effectiveness of these respective procedures. Despite
the presence of new treatment options, such as PRP, hyaluronic
acid, etc., for back pain and osteoarthritis, steroids still have
a prominent place in the management of these chronic pain
conditions.
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Our nervous system is capable of detecting a wide range of stimuli which can evoke pain. These
can generate a short-term sensations (acute pain) which usually resolves. However, sometimes this
pain becomes persistent. Constant stimulation provokes alterations in nociceptive transmission,
enhancing pain signals and increasing sensitivity. If this state persists for more than 3 months,
it is defined as chronic pain. It affects over one-quarter of people worldwide and is more
prevalent in women than in men.1 The mechanisms that sustain and drive chronic pain have been
comprehensively reviewed elsewhere (Woolf and Salter, 2000; Basbaum et al., 2009; vonHehn et al.,
2012). The current analgesic treatments (opioids or NSAIDs) do not meet patients needs or are
inefficient. In addition, their side effects limit their use. Therefore, the development of new drugs
is urgently required. Preclinical research studies have identified an array of molecular targets that
are involved in the establishment and maintenance of chronic pain (see references above) and may
represent interesting targets for pharmacological intervention. Among these mediators, Vascular
Endotelial Growth Factor (VEGF) has been postulated as a key factor.

Alterations in the VEGF system, characterized by changes in the expression of its components,
have been related to a plethora of diseases. Some of these diseases can occur concomitantly with
pain, such as cancer, rheumathoid arthritis or diabetic complications (Ferrara, 2004; Maharaj and
D’Amore, 2007; Rosenstein et al., 2010).

VEGF is a potent pro-angiogenic factor and a key mediator of neovascularisation, a process
which is involved in the pathogenesis of cancerous tumors. For this reason, there are currently
several anti-VEGF-related drugs used in clinical settings for the cancer treatment in combination
with chemotherapy. Anti-VEGF drugs are also used to attenuate neovascularisation in age-related
macular degeneration and diabetic macular oedema (Ferrara, 2004; Kim and D’Amore, 2012).
However, in recent years, the role of the VEGF family in neuroprotection and nociception has
received increased attention (Beazley-Long et al., 2013, 2018; Hulse et al., 2014, 2015, 2016; Selvaraj
et al., 2015; Hulse, 2017; Lai et al., 2017). The involvement of VEGF in the pathophysiology of pain
is not fully understood, however, the association between this growth factor and some of the main
hallmarks of painful diseases warrants the investigation of VEGF as a therapeutic target for pain
treatment.

Considering the aforementioned, the potential of VEGF as druggable target for the treatment of
different types of pain will be discussed.

The VEGF family consists of five members. The most widely studied of them are VEGF-A
and, to a lesser extent, VEGF-B. VEGF-A and VEGF-B are known to bind to two different
tyrosine kinases receptors (VEGFR1 and VEGFR2) that are both expressed in nociceptors
(Hulse et al., 2014; Selvaraj et al., 2015; Hamilton et al., 2016), and two neuropilin co-receptors
(NRP-1 and NRP-2) that enhance the affinity of the ligands for the receptors. Additionally
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VEGF-A exists in alternative splice forms, VEGF-Axxxa or VEGF-
Axxxb, xxx signifying the number of aminoacids implicated
(Hulse et al., 2015; Peach et al., 2018). This alternative
splicing is dependent on serine-arginine rich protein kinase 1
(SRPK1) which mediates the phosphorylation of serine-arginine
rich splice factor (SRSF1). This phosphorylation leads to an
increased production of VEGF-Axxxa (Hulse, 2017). Under
certain pathological conditions including chronic pain, VEGF-A
alternative splice forms appear to be dysregulated (Hulse, 2017).

VEGF-A165b is a VEGFR2 partial agonist that competes
with VEGF-A165a for binding to VEGFR2. The VEGF-A165a
isoform also binds to the NRP-1 co-receptor, whereas VEGF-
A165b does not (Peach et al., 2018). The activation of distinct
receptors implies different downstream cellular signal pathways
and therefore different effects: VEGF-Axxxa seems to sensitize
C nociceptors via Transient Receptor Potential (TRP) channels,
namely TRPV1 and TRPA1, whereas VEGF-Axxxb exerts anti-
nociceptive functions by suppressing the activity of those chanels
(Hulse et al., 2014, 2015). Interestingly, although the angiogenic
effect of VEGF-A is mediated by VEGFR2 (Ferrara et al., 2003),
the direct nociceptive effect of VEGF-A appears to be mediated
by VEGFR1 through TRPV1 trafficking and increased cell surface
expression (Selvaraj et al., 2015). Furthermore, other ligands
from VEGF family, VEGF-B and placental growth factor-2
are also able to directly stimulate nociceptors (Selvaraj et al.,
2015).

VEGF receptors are abundantly expressed in humans and
VEGF biology has been reported to be a complex issue in which
the role of the co-receptors is poorly understood. Many studies
which describe functional outcomes of VEGFR1 or VEGFR2
signaling do not clearly delineate the receptors and specific
isoforms involved (Stuttfeld and Ballmer-Hofer, 2009; Rosenstein
et al., 2010; Shibuya, 2011; Peach et al., 2018). Nociception
seems to be one of these contexts and therefore, the current
understanding and unknowns regarding VEGF signaling in
nociception will be discussed below.

INVOLVEMENT OF VEGF IN SEVERAL

TYPES OF PAIN

Inflammation is a common feature in different painful
syndromes and its components (inflammatory soup) sensitize
nociceptors which mediate pain sensation. VEGF is one
of the most important mediators participating in this pro-
inflammatory milieu. The significance of VEGFR1 and VEGFR2
in the pathophysiology of two of the most prevalent chronic
inflammatory diseases that are concurrent with pain, namely
rheumatoid arthritis and osteoarthritis, has been previously
reported (Hamilton et al., 2016). However, the role of each
VEGF family member, isoforms or alternative splicing in
alleviating chronic inflammatory pain have been poorly
described.

In osteoarthritis (OA), anomalous VEGF expression in
synovial fluids has been associated with higher pain scores
(Takano et al., 2018) and worse prognosis. VEGF seems
to mediate cartilage degeneration, bone and neurovascular

invasion of articular cartilage, increasedmigration and/or activity
of macrophages, fibroblasts, and neutrophils. These cells, in
turn, increase levels of cytokines and VEGF, amplifying the
inflammatory response (Hamilton et al., 2016; Nagao et al.,
2017). VEGF is able to evoke pain by several pathways in
synovium, osteochondral junction and meniscus, through both
VEGFR1 and VEGFR2 (Nagao et al., 2017). Both signaling axes
seem to be directly associated with nociceptor sensitization, and
accordingly, VEGF signaling inhibition led to a decreased pain
(Hamilton et al., 2016). In addition, other VEGF approaches have
been experimentally tested and successfully counteracted pain
responses and/or improved cartilage degeneration, synovitis and
osteophyte formation (Nagai et al., 2014; Hamilton et al., 2016).
Taking all of the aforementioned, it seems plausible that proper
VEGF therapies targeting ligands or receptors could counteract
osteoarthritis progression and its associated pain.

In other painful chronic diseases with an autoimmune
component, such as rheumatoid arthritis (RA), one of the
most potent factors that seems to be responsible for the
typical hypertrophied synovium (pannus), oedema, swelling, and
chondrolytic and osteolytic reactions, is VEGF (Afuwape et al.,
2002; Malemud, 2007). This is expressed in synovial fibroblasts,
fibroblasts close to microvessels, vascular smooth muscle and
macrophages, but not in endothelial cells (Nagashima et al.,
1995). VEGF is augmented in patients serum and is tightly
correlated with TNF-α and some other pro-algesic cytokines
(IL-1ß, IL-17, IL-18) which in turn reduce VEGF expression,
except in patients who are refractory to TNF-α therapy (Nowak
et al., 2008; Beazley-Long et al., 2018). At experimental level,
an increased expression of VEGF, VEGFR1 and VEGFR2
was described in an RA animal model and the treatment
with an anti-VEGFR1 efficiently blocked pain. However, the
neutralization of either the VEGF ligand or VEGFR2 did not
induce the same anti-nociceptive effect (De Bandt et al., 2003).
Contrastingly, other authors suggested that VEGFR2 acts as a
positive transducer in vascular proliferation during RA and its
pharmacological blockade reduces mechanical sensitivity in an
animal model of RA (Beazley-Long et al., 2018). While Beazley-
Long and colleagues stated that when VEGFR2 is inhibited
allodynia is reduced and/or prevented (Beazley-Long et al., 2018),
De Bandt and colleagues showed VEGFR2 suppression was
insufficient for resolution of this type of pain (De Bandt et al.,
2003). Further studies aimed to address this discrepancy are
needed.

The putative role of VEGF in the relief of pain has been
most extensively studied in neuropathic pain compared to
other types of pain. VEGF-A has been strongly linked with
neuroprotection and its neutralization was found to exacerbate
neuropathic damage and pain in a retrospective clinical
study (Matsuoka et al., 2016). Contrary to this, experimental
approaches of VEGF blockade have successfully alleviated
nociceptive responses in a model of chronic constriction injury,
sciatic nerve ligation or diabetic neuropathy. These approaches
included the suppression of VEGFR2 signaling, spinal SRPK1
inhibition, and the administration of VEGF-Axxxb. The anti-
nociceptive effect derived from VEGFR2 blockade in paiunful
neuropathies has been reported to bemediated via the interaction
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with P2X2/3 receptors (De Bandt et al., 2003; Liu et al., 2012),
or TRPA1 and/or TRPV1 (Hulse et al., 2015, 2016; Zeng et al.,
2018). In vitro studies revealed that in injured peripheral nerves
there is an upregulation of VEGF-A in infiltrated cells that
seems to mediate angiogenesis, a key component of chronic
inflammation and peripheral sensitization (Kiguchi et al., 2014).
Blocking VEGF-A has been shown to reduce nociception in
rodents and to exert a neuroprotective effect by improving
neuronal restoration and conduction, decreasing pro-apoptotic
Caspase-3 levels in sensory neurons, preventing neural perfusion
and epidermal sensory fiber loss (Taiana et al., 2014; Hulse
et al., 2015; Zeng et al., 2018). Another plausible strategy
evaluated is SRPK1 inhibition, as this would reduce the pro-
nociceptive and pro-angiogenic forms of VEGF (Hulse, 2017).
Several studies indicate that administration of VEGF-A165b (the
reported anti-nociceptive form of VEGF-A), could constitute
an interesting therapeutic strategy for pain, considering that it
also has neuroprotective effects. Contrastingly, a recent study
demonstrated in an animal model of oxaliplatin-induced pain,
that VEGF-A165b expression is augmented in spinal cord, and
the intrathecal administration of bevacizumab or VEGF-A165b
antibody reversed the hypersensitivity symptoms (Di Cesare
Mannelli et al., 2018).

Most studies at an experimental level seem to suggest a
pro-nociceptive effect induced by VEGF-A in several types
of pain. However, in neuropathic pain Hulse and colleagues
focused on the anti-nociceptive effect of VEGF-Axxxb isoform
and the relevance of targeting its alternative splicing so as to
modulate the balance between the pro- and anti-nociceptive
VEGF isoforms. This had been shown extensively in several
papers from their group (Hulse et al., 2014, 2015, 2016; Selvaraj
et al., 2015; Hulse, 2017; Beazley-Long et al., 2018). However,
in a model of oxaliplatin-induced pain, Di Cesare Mannelli and
colleagues (Di Cesare Mannelli et al., 2018), clearly showed the
pro-nociceptive role of VEGF-Axxxb isoform. Further studies
are urgently needed in order to clarify the role of VEGF-
Axxxb and the mechanisms underlying the paradoxical effects
reported. These disparate functions raise the possibility that
different isoforms may have varying pro- and anti-nociceptive
role.

Among chronic neurologic diseases, migraine is the third
most prevalent and disabling. Current treatments are usually
unsuccessful. The meningeal and brain mast cells involved can
degranulate and release vasoactive substances that can activate
trigeminovascular mechanisms inducing pain. Among these
mediators, VEGF is one of the most important as it also
stimulates nitric oxide synthase and therefore increases nitric
oxide levels (Bussolati et al., 2001). Therefore, VEGF plays a
direct role in the endothelial cells in the trigeminovascular
system. Indeed, increased levels of VEGF have been showed
in migraneurs suggesting endothelial alterations (Rodríguez-
Osorio et al., 2012). However, decreased serum concentrations
of VEGF were found during interictal period (Michalak
et al., 2017). In addition, several VEGF haplotypes have
been described to be associated with variable susceptibility

to migraine (Gonçalves et al., 2010). A better understanding of
VEGF fluctuations, genetic profiling and the potential protective
role in migraines could constitute an interesting approach for
prophylactic intervention.

The importance of VEGF in cancer pathophysiology and
therapy has been extensively reported (Carmeliet, 2005; Lal Goel
and Mercurio, 2014). However, the potential anti-nociceptive
effect of VEGF in cancer-induced pain is poorly understood.
VEGFR1 is augmented in humans and in an animal model of
osteosarcoma-induced pain. The modulation of VEGF-VEGFR1
axis signaling by an anti-VEGFR1 antibody or the administration
of the VEGFR1 soluble form (sFLT1) that decoys VEGF from
binding VEGFR1, effectively counteracted pain (Selvaraj et al.,
2015). Lastly, only one study addressed the involvement of
VEGF in neoplastic pain, the anti-nociceptive role derived from
the inhibition of VEGF/VEGFR1, but not VEGFR2 (Selvaraj
et al., 2015). Additional studies using experimental models
of cancer-induced pain that address the role of VEGFR2 are
urgently required in order to delineate the role for this integral
mediator. This will inform the design and development of new
pharmacological strategies.

In summary, although the role of VEGF and its receptors in
some pathologies has been extensively studied, their function in
nociception has not yet been fully elucidated. Current studies
exemplify the successful alleviation of pain through the targeting
of VEGF or VEGF receptors, but some considerations have to be
taken:

(a) Although the majority of evidence supports the pro-
nociceptive effects of VEGF-A, in neuropathic pain some
authors have observed an anti-nociceptive effect of one
VEGF-A splice form. It is therefore essential to understand
alternative splice mechanisms, SRPK1 factor and the balance
of each splice forms (VEGF-Axxxa/VEGF-Axxxb) to facilitate
specific targeting and hence provide effective analgesia
minimizing undesirable effects in sensory neurons.

(b) Considering the link between the aetiopathogenesis of some
types of pain (i.e., endothelial alterations in migraine) and
VEGF, the involvement of this factor in pain signaling should
be urgently addressed.

(c) The role of other VEGF family members (i.e., VEGF-B) in
nociception should be explored to clarify specific receptor-
binding interactions and their corresponding molecular
pathways. Together, these will allow us to unravel the
mechanisms of previously reported unique functional
outcomes.

(d) Due to their pivotal role in neuroprotection, the
potential involvement of VEGF family members
and alternative splicing forms should be investigated
thorougly in neuropathic pain or multifactorial pain (e.g.,
cancer-related pain).

AUTHOR CONTRIBUTIONS

ML-S and SG-R conceived the idea and wrote the manuscript.

Frontiers in Pharmacology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 1267129

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Llorián-Salvador and González-Rodríguez Painful Understanding of VEGF

REFERENCES

Afuwape, A. O., Kiriakidis, S., and Paleolog, E. M. (2002). The role of the
angiogenic molecule VEGF in the pathogenesis of rheumatoid arthritis. Histol.
Histopathol. 17, 961–972. doi: 10.14670/HH-17.961

Basbaum, A. I., Bautista, D. M., Scherrer, G., and Julius, D. (2009).
Cellular and molecular mechanisms of pain. Cell 139, 267–284.
doi: 10.1016/j.cell.2009.09.028

Beazley-Long, N., Hua, J., Jehle, T., Hulse, R. P., Dersch, R., Lehrling, C., et al.
(2013). VEGF-A165b is an endogenous neuroprotective splice isoform of
vascular endothelial growth factor A in vivo and in vitro. Am. J. Pathol. 183,
918–929. doi: 10.1016/j.ajpath.2013.05.031

Beazley-Long, N., Moss, C. E., Ashby, W. R., Bestall, S. M., Almahasneh, F.,
Durrant, A. M., et al. (2018). VEGFR2 promotes central endothelial activation
and the spread of pain in inflammatory arthritis. Brain Behav. Immun.
doi: 10.1016/j.bbi.2018.03.012. [Epub ahead of print].

Bussolati, B., Dunk, C., Grohman, M., Kontos, C. D., Mason, J., and Ahmed,
A. (2001). Vascular endothelial growth factor receptor-1 modulates vascular
endothelial growth factor-mediated angiogenesis via nitric oxide. Am. J. Pathol.

159, 993–1008. doi: 10.1016/S0002-9440(10)61775-0
Carmeliet, P. (2005). VEGF as a key mediator of angiogenesis

in cancer. Oncology 69(Suppl. 3), 4–10. doi: 10.1159/0000
88478

De Bandt, M., BenMahdi, M. H., Ollivier, V., Grossin, M., Dupuis, M., Gaudry, M.,
et al. (2003). Blockade of vascular endothelial growth factor receptor I (VEGF-
RI), but not VEGF-RII, suppresses joint destruction in the K/BxN model of
rheumatoid arthritis. J. Immunol. 171, 4853–4859.

Di Cesare Mannelli, L., Tenci, B., Micheli, L., Vona, A., Corti, F., Zanardelli,
M., et al. (2018). Adipose-derived stem cells decrease pain in a rat
model of oxaliplatin-induced neuropathy: role of VEGF-A modulation.
Neuropharmacology 131, 166–175. doi: 10.1016/j.neuropharm.2017.
12.020

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581–611. doi: 10.1210/er.2003-0027

Ferrara, N., Gerber, H. P., and LeCouter, J. (2003). The biology of VEGF and its
receptors. Nat. Med. 9, 669–676. doi: 10.1038/nm0603-669

Gonçalves, F. M., Martins-Oliveira, A., Speciali, J. G., Izidoro-Toledo, T. C.,
Luizon, M. R., Dach, F., et al. (2010). Vascular endothelial growth factor genetic
polymorphisms and haplotypes in women with migraine. DNA Cell Biol. 29,
357–362. doi: 10.1089/dna.2010.1025

Hamilton, J. L., Nagao, M., Levine, B. R., Chen, D., Olsen, B. R., and
Im, H. J. (2016). Targeting VEGF and its receptors for the treatment of
osteoarthritis and associated pain. J. BoneMiner. Res. 31, 911–924. doi: 10.1002/
jbmr.2828

Hulse, R. P. (2017). Role of VEGF-A in chronic pain. Oncotarget 8, 10775–10776.
doi: 10.18632/oncotarget.14615

Hulse, R. P., Beazley-Long, N., Hua, J., Kennedy, H., Prager, J., Bevan, H., et al.
(2014). Regulation of alternative VEGF-A mRNA splicing is a therapeutic
target for analgesia. Neurobiol. Dis. 71, 245–259. doi: 10.1016/j.nbd.2014
.08.012

Hulse, R. P., Beazley-Long, N., Ved, N., Bestall, S. M., Riaz, H., Singhal, P.,
et al. (2015). Vascular endothelial growth factor-A 165b prevents diabetic
neuropathic pain and sensory neuronal degeneration. Clin. Sci. 129, 741–756.
doi: 10.1042/CS20150124

Hulse, R. P., Drake, R. A. R., Bates, D. O., and Donaldson, L. F. (2016).
The control of alternative splicing by SRSF1 in myelinated afferents
contributes to the development of neuropathic pain.Neurobiology 96, 186–200.
doi: 10.1016/j.nbd.2016.09.009

Kiguchi, N., Kobayashi, Y., Kadowaki, Y., Fukazawa, Y., Saika, F., and Kishioka, S.
(2014). Vascular endothelial growth factor signaling in injured nerves underlies
peripheral sensitization in neuropathic pain. J. Neurochem. 129, 169–178.
doi: 10.1111/jnc.12614

Kim, L. A., and D’Amore, P. A. (2012). A brief history of anti-VEGF
for the treatment of ocular angiogenesis. Am. J. Pathol. 181, 376–379.
doi: 10.1016/j.ajpath.2012.06.006

Lai, H. H., Shen, B., Vijairania, P., Zhang, X., Vogt, S. K., and Gereau,
R. W. (2017). Anti-vascular endothelial growth factor treatment
decreases bladder pain in cyclophosphamide cystitis: a Multidisciplinary

Approach to the Study of Chronic Pelvic Pain (MAPP) Research
Network animal model study. BJU Int. 120, 576–583. doi: 10.1111/bju.
13924

Lal Goel, H., and Mercurio, A. M. (2014). VEGF targets the tumour cell. Nat. Rev.
Cancer 13, 871–882. doi: 10.1038/nrc3627

Liu, S., Xu, C., Li, G., Liu, H., Xie, J., Tu, G., et al. (2012). Vatalanib decrease
the positive interaction of VEGF receptor-2 and P2X2/3 receptor
in chronic constriction injury rats. Neurochem. Int. 60, 565–572.
doi: 10.1016/j.neuint.2012.02.006

Maharaj, A. S., and D’Amore, P. A. (2007). Roles for VEGF in the adult.Microvasc.

Res. 74, 100–113. doi: 10.1016/j.mvr.2007.03.004
Malemud, C. J. (2007). Growth hormone, VEGF and FGF:

involvement in rheumatoid arthritis. Clin. Chim. Acta 375, 10–19.
doi: 10.1016/j.cca.2006.06.033

Matsuoka, A., Maeda, O., Mizutani, T., Nakano, Y., Tsunoda, N.,
Kikumori, T., et al. (2016). Bevacizumab exacerbates paclitaxel-induced
neuropathy: a retrospective cohort study. PLoS ONE 11:e0168707.
doi: 10.1371/journal.pone.0168707

Michalak, S., Kalinowska-Lyszczarz, A., Wegrzyn, D., Thielemann, A.,
Osztynowicz, K., and Kozubski, W. (2017). The levels of circulating
proangiogenic factors in migraineurs. Neuromol. Med. 19, 510–517.
doi: 10.1007/s12017-017-8465-7

Nagai, T., Sato, M., Kobayashi, M., Yokoyama, M., Tani, Y., and Mochida, J.
(2014). Bevacizumab, an anti-vascular endothelial growth factor antibody,
inhibits osteoarthritis. Arthritis Res. Ther. 16:427. doi: 10.1186/s13075-01
4-0427-y

Nagao, M., Hamilton, J. L., Kc, R., Berendsen, A. D., Duan, X., Cheong,
C. W., et al. (2017). Vascular endothelial growth factor in cartilage
development and osteoarthritis. Sci. Rep. 7:13027. doi: 10.1038/s41598-017-1
3417-w

Nagashima, M., Yoshino, S., Ishiwata, T., and Asano, G. (1995). Role of vascular
endotelial growth factor in angiogenesis of rheumatoid arthritis. J. Rheumatol.
22, 1624–1630.

Nowak, D. G., Woolard, J., Amin, E. M., Konopatskaya, O., Saleem,
M. A., Churchill, A. J., et al. (2008). Expression of pro- and anti-
angiogenic isoforms of VEGF is differentially regulated by splicing
and growth factors. J. Cell Sci. 121, 3487–3495. doi: 10.1242/jcs.0
16410

Peach, C. J., Mignone, V. W., Arruda, M. A., Alcobia, D. C., Hill, S. J., Kilpatrick,
L. E., et al. (2018). Molecular pharmacology of VEGF-A isoforms: binding
and signalling at VEGFR2. Int. J. Mol. Sci. 19:E1264. doi: 10.3390/ijms190
41264

Rodríguez-Osorio, X., Sobrino, T., Brea, D., Martínez, F., Castillo, J., and Leira,
R. (2012). Endothelial progenitor cells: a new key for endothelial dysfunction
in migraine. Neurology 79:474–479. doi: 10.1212/WNL.0b013e31826
170ce

Rosenstein, J. M., Krum, J. M., and Ruhrberg, C. (2010). VEGF in the nervous
system. Organogenesis 6, 107–114.

Selvaraj, D., Gangadharan, V., Michalski, C. W., Kurejova, M., Stösser, S.,
Srivastava, K., et al. (2015). A functional role for VEGFR1 expressed
in peripheral sensory neurons in cancer pain. Cancer Cell 27, 780–796.
doi: 10.1016/j.ccell.2015.04.017

Shibuya, M. (2011). Vascular endothelial growth factor (VEGF) and its receptor
(VEGFR) signaling in angiogenesis: a crucial target for anti- and pro-
angiogenic therapies. Genes Cancer 2, 1097–1105. doi: 10.1177/19476019114
23031

Stuttfeld, E., and Ballmer-Hofer, K. (2009). Structure and function of VEGF
receptors. IUBMB Life 61, 915–922. doi: 10.1002/iub.234

Taiana, M. M., Lombardi, R., Porretta-Serapiglia, C., Ciusani,
E., Oggioni, N., Sassone, J., et al. (2014). Neutralization of
schwann cell-secreted VEGF is protective to in vitro and
in vivo experimental diabetic neuropathy. PLoS ONE 9:e1
08403. doi: 10.1371/journal.pone.0108403

Takano, S., Uchida, K., Inoue, G., Matsumoto, T., Aikawa, J., Iwase,
D., et al. (2018). Vascular endothelial growth factor expression and
their action in the synovial membranes of patients with painful knee
osteoarthritis. BMC Musculoskelet. Disord. 19:204. doi: 10.1186/s12891-018-2
127-2

Frontiers in Pharmacology | www.frontiersin.org 4 November 2018 | Volume 9 | Article 1267130

https://doi.org/10.14670/HH-17.961
https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1016/j.ajpath.2013.05.031
https://doi.org/10.1016/j.bbi.2018.03.012
https://doi.org/10.1016/S0002-9440(10)61775-0
https://doi.org/10.1159/000088478
https://doi.org/10.1016/j.neuropharm.2017.12.020
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1089/dna.2010.1025
https://doi.org/10.1002/jbmr.2828
https://doi.org/10.18632/oncotarget.14615
https://doi.org/10.1016/j.nbd.2014.08.012
https://doi.org/10.1042/CS20150124
https://doi.org/10.1016/j.nbd.2016.09.009
https://doi.org/10.1111/jnc.12614
https://doi.org/10.1016/j.ajpath.2012.06.006
https://doi.org/10.1111/bju.13924
https://doi.org/10.1038/nrc3627
https://doi.org/10.1016/j.neuint.2012.02.006
https://doi.org/10.1016/j.mvr.2007.03.004
https://doi.org/10.1016/j.cca.2006.06.033
https://doi.org/10.1371/journal.pone.0168707
https://doi.org/10.1007/s12017-017-8465-7
https://doi.org/10.1186/s13075-014-0427-y
https://doi.org/10.1038/s41598-017-13417-w
https://doi.org/10.1242/jcs.016410
https://doi.org/10.3390/ijms19041264
https://doi.org/10.1212/WNL.0b013e31826170ce
https://doi.org/10.1016/j.ccell.2015.04.017
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1002/iub.234
https://doi.org/10.1371/journal.pone.0108403
https://doi.org/10.1186/s12891-018-2127-2
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Llorián-Salvador and González-Rodríguez Painful Understanding of VEGF

von Hehn, C. A., Baron, R., and Woolf, C. J. (2012). Deconstructing the
neuropathic pain phenotype to reveal neural mechanisms.Neuron 73, 638–652.
doi: 10.1016/j.neuron.2012.02.008

Woolf, C. J., and Salter, M. W. (2000). Neuronal plasticity: increasing
the gain in pain. Science 288, 1765–1769. doi: 10.1126/science.288.547
2.1765

Zeng, Y., Han, H., Tang, B., Chen, J., Mao, D., and Xiong, M. (2018).
Transplantation of recombinant vascular endothelial growth factor
(VEGF)189-neural stem cells downregulates transient receptor potential
vanilloid 1 (TRPV1) and improves motor outcome in spinal cord injury. Med.

Sci. Monit. 24, 1089–1096.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Llorián-Salvador and González-Rodríguez. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pharmacology | www.frontiersin.org 5 November 2018 | Volume 9 | Article 1267131

https://doi.org/10.1016/j.neuron.2012.02.008
https://doi.org/10.1126/science.288.5472.1765
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01259 November 9, 2018 Time: 16:25 # 1

REVIEW
published: 13 November 2018

doi: 10.3389/fphar.2018.01259

Edited by:
Francisco Lopez-Munoz,

Universidad Camilo José Cela, Spain

Reviewed by:
Donald I. Abrams,

University of California,
San Francisco, United States

Li Zhang,
National Institutes of Health (NIH),

United States

*Correspondence:
Sonja Vučković
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Cannabis has been used for medicinal purposes for thousands of years. The prohibition
of cannabis in the middle of the 20th century has arrested cannabis research. In recent
years there is a growing debate about the use of cannabis for medical purposes. The
term ‘medical cannabis’ refers to physician-recommended use of the cannabis plant and
its components, called cannabinoids, to treat disease or improve symptoms. Chronic
pain is the most commonly cited reason for using medical cannabis. Cannabinoids act
via cannabinoid receptors, but they also affect the activities of many other receptors,
ion channels and enzymes. Preclinical studies in animals using both pharmacological
and genetic approaches have increased our understanding of the mechanisms of
cannabinoid-induced analgesia and provided therapeutical strategies for treating pain
in humans. The mechanisms of the analgesic effect of cannabinoids include inhibition
of the release of neurotransmitters and neuropeptides from presynaptic nerve endings,
modulation of postsynaptic neuron excitability, activation of descending inhibitory pain
pathways, and reduction of neural inflammation. Recent meta-analyses of clinical trials
that have examined the use of medical cannabis in chronic pain present a moderate
amount of evidence that cannabis/cannabinoids exhibit analgesic activity, especially in
neuropathic pain. The main limitations of these studies are short treatment duration,
small numbers of patients, heterogeneous patient populations, examination of different
cannabinoids, different doses, the use of different efficacy endpoints, as well as modest
observable effects. Adverse effects in the short-term medical use of cannabis are
generally mild to moderate, well tolerated and transient. However, there are scant
data regarding the long-term safety of medical cannabis use. Larger well-designed
studies of longer duration are mandatory to determine the long-term efficacy and long-
term safety of cannabis/cannabinoids and to provide definitive answers to physicians
and patients regarding the risk and benefits of its use in the treatment of pain. In
conclusion, the evidence from current research supports the use of medical cannabis
in the treatment of chronic pain in adults. Careful follow-up and monitoring of patients
using cannabis/cannabinoids are mandatory.

Keywords: cannabis/cannabinoids, pain, pharmacodynamics, pharmacokinetics, efficacy, safety, animals,
humans
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INTRODUCTION

Pain is one of the most common symptoms of disease. Acute
pain is usually successfully managed with non-steroidal anti-
inflammatory drugs (NSAIDs) and/or opioids (Vučković S. et al.,
2006; Vučković S.M. et al., 2006; Vučković et al., 2009, Vučković
et al., 2016), but chronic pain is often difficult to treat and
can be very disabling (Gatchel et al., 2014). An adjuvant is
a drug that is not primarily intended to be an analgesic but
can be used to reduce pain either alone or in combination
with other pain medications (Bair and Sanderson, 2011). Some
of these drugs have been known for some time, but their
acceptance has waxed and waned over time (Vučković et al.,
2015; Srebro et al., 2016; Tomić et al., 2018). However, new
approaches to targeting the pain pathway have been developed
and adjuvant analgesics continue to attract both scientific and
medical interest as constituents of a multimodal approach to pain
management (Yaksh et al., 2015). The role of cannabis plant and
its components, called cannabinoids, as adjuvant analgesics in the
treatment of chronic pain, has been the subject of longstanding
controversy (NASEM, 2017).

Flowering plants within the genus Cannabis (also known
as marijuana) in the family Cannabaceae have been cultivated
for thousands of years in many parts of the world for
spiritual, recreational and medicinal purposes. Preparations
of the cannabis plant, which are taken by smoking or oral
ingestion, have been observed to produce analgesic, anti-
anxiety, anti-spasmodic, muscle relaxant, anti-inflammatory
and anticonvulsant effects (Andre et al., 2016). However, the
prohibition of cannabis cultivation, supply and possession from
the middle of the 20th century (due to its psychoactivity and
potential for producing dependence), has impeded cannabis
research (ElSohly et al., 2017). In recent years there is a growing
debate about cannabis use for medical purposes. In many
countries cannabis use for medical reasons is legal and some
countries have also decriminalized or legalized the recreational
use of cannabis.

The term medical cannabis is used to refer to the physician-
recommended use of cannabis and its constituents, cannabinoids,
to treat disease or improve symptoms (Rahn and Hohmann,
2009). The use of cannabis and cannabinoids may be limited
by its psychotropic side effects (e.g., euphoria, anxiety, paranoia)
or other central nervous system (CNS)-related undesired effects
(cognitive impairment, depression of motor activity, addiction),
which occur because of activation of cannabinoid CB1 receptors
in the CNS (Volkow et al., 2014). As interest in the use of
cannabinoids as adjunctive therapy for pain management has
increased in the last decades (Hill et al., 2017), there has been a
continuing need for an increase in cannabis research and bridging
the knowledge gap about cannabis and its use in pain treatment.
Therefore, research on cannabis and cannabinoids has increased
dramatically in recent years. However, there are several obstacles
that need to be overcome, such as the regulations and policies that
restrict access to the cannabis products, funding limitations, and
numerous methodological challenges (drug delivery, the placebo
issue, etc.) (NASEM, 2017). This research is expected to explain
and update the mechanisms of analgesic action of cannabis and

its constituents, and to provide answers to questions about the
safety of medicinal cannabis and its potential indications in the
treatment of pain. Healthcare providers in all parts of the world
must keep up to date with recent findings in order to provide valid
information regarding the benefits, risks, and responsible medical
use to patients in pain (Wilsey et al., 2016).

This article is a narrative review of the published
preclinical and clinical research of the pharmacodynamics,
pharmacokinetics, efficacy, safety and tolerability of
cannabis/cannabinoids in the treatment of pain.

MATERIALS AND METHODS

In March 2018 we searched the MEDLINE database via
PubMed (United States National Library of Medicine) for
articles published up to March 1st, 2018 for the key words:
‘cannabis’ or ‘cannabinoids’ and ‘pain’ (in title/abstract). This was
followed by filter species (humans/other animals) and language
(English) selection. The abstracts of the 1270 citations extracted
were screened for relevance by two reviewers (SV and DS).
Discrepancies were resolved by discussion. The literature relevant
to pharmacodynamic, pharmacokinetics, efficacy and safety of
cannabis/cannabinoids in pain treatment was included. Both
preclinical in vitro and in vivo data and clinical studies were
included. Data on cannabis use among children, adolescents and
pregnant women were excluded. We also examined the reference
lists of reviewed articles.

PHARMACODYNAMICS: CANNABIS
AND CANNABINOIDS ACT ON MULTIPLE
PAIN TARGETS

For many years it was assumed that the chemical components
of the cannabis plant, cannabinoids, produce analgesia by
activating specific receptors throughout the body, in particular
CB1, which are found predominantly in the CNS, and CB2,
found predominantly in cells involved with immune function
(Rahn and Hohmann, 2009). However, recently this picture
has become much more complicated, as it has been recognized
that cannabinoids, both plant-derived and endogenous, act
simultaneously on multiple pain targets (Ross, 2003; Horvath
et al., 2008; Pertwee et al., 2010; O’Sullivan, 2016; Morales
et al., 2017) within the peripheral and CNS. Beside acting on
cannabinoid CB1/CB2 receptors, they may reduce pain through
interaction with the putative non-CB1/CB2 cannabinoid G
protein-coupled receptor (GPCR) 55 (GPR55; Staton et al., 2008)
or GPCR 18 (GPR18), also known as the N-arachidonoyl glycine
(NAGly) receptor; Huang et al., 2001), and other well-known
GPCRs, such as the opioid or serotonin (5-HT) receptors (Russo
et al., 2005; Scavone et al., 2013). In addition, many studies have
reported the ability of certain cannabinoids to modulate nuclear
receptors (peroxisome proliferator-activated receptors (PPARs)
(O’Sullivan, 2016), cys loop ligand-gated ion channels (Barann
et al., 2002; Hejazi et al., 2006 Ahrens et al., 2009; Sigel et al.,
2011; Xiong et al., 2011, 2012; Shi et al., 2012; Oz et al., 2014;
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Bakas et al., 2017) or transient receptor potential (TRP) channels
(TRPV, TRPA, and TRPM subfamilies), (Pertwee et al., 2010;
Lowin and Straub, 2015; Morales et al., 2017), among others.
It has been shown that all these receptors represent potentially
attractive targets for the therapeutic use of cannabinoids in
the treatment of pain. Moreover, TRPV1 and CB1 or CB2
are colocalized at peripheral and/or central neurons (sensory
neurons, dorsal root ganglia, spinal cord, brain neurons), which
results in their intracellular crosstalk in situations where these
receptors are involved simultaneously (Cristino et al., 2006;
Anand et al., 2009). New data also demonstrate a variety of
interactions between cannabinoid, opioid, and TRPV1 receptors
in pain modulation (Zádor and Wollemann, 2015). All of these
provide an opportunity for the development of new multiple
target ligands and polypharmacological drugs with improved
efficacy and devoid of side effects for the treatment of pain (Reddy
and Zhang, 2013).

Several lines of evidence indicate that cannabinoids may
contribute to pain relief through an anti-inflammatory action
(Jesse Lo et al., 2005; Klein, 2005). In addition, non-cannabinoid
constituents of the cannabis plant that belong to miscellaneous
groups of natural products (terpenoids and flavonoids) may
contribute to the analgesic, as well as the anti-inflammatory
effects of cannabis (Andre et al., 2016; ElSohly et al., 2017).

Based on their origin, cannabinoids are classified
into three categories: phytocannabinoids (plant-derived),
endocannabinoids (present endogenously in human or animal
tissues), and synthetic cannabinoids.

Phytocannabinoids
There are about 100 different cannabinoids isolated from the
cannabis plant (Andre et al., 2016). The main psychoactive
compound is (−)-trans-19-tetrahydrocannabinol (THC), which
is produced mainly in the flowers and leaves of the plant. The
THC content varies from 5% in marijuana to 80% in hashish oil.
THC is an analog to the endogenous cannabinoid, anandamide
(ananda is the Sanskrit word for bliss; arachidonoylethanolamide,
AEA). It is responsible for most of the pharmacological
actions of cannabis, including the psychoactive, analgesic, anti-
inflammatory, anti-oxidant, antipruritic, bronchodilatory, anti-
spasmodic, and muscle-relaxant activities (Rahn and Hohmann,
2009; Russo, 2011). THC acts as a partial agonist at cannabinoid
receptors (CB1 and CB2) (Pertwee, 2008). A very high binding
affinity of THC with the CB1 receptor appears to mediate its
psychoactive properties (changes in mood or consciousness),
memory processing, motor control, etc. It has been reported that
a number of side effects of THC, including anxiety, impaired
memory and immunosuppression, can be reversed by other
constituents of the cannabis plant (cannabinoids, terpenoids, and
flavonoids) (Russo and Guy, 2006; Russo, 2011; Andre et al.,
2016).

The non-psychoactive analog of THC, cannabidiol (CBD),
is another important cannabinoid found in the cannabis plant.
It is thought to have significant analgesic, anti-inflammatory,
anti-convulsant and anxiolytic activities without the psychoactive
effect of THC (Costa et al., 2007). CBD has little binding affinity
for either CB1 or CB2 receptors, but it is capable of antagonizing

them in the presence of THC (Thomas et al., 2007). In fact,
CBD behaves as a non-competitive negative allosteric modulator
of CB1 receptor, and it reduces the efficacy and potency of
THC and AEA (Laprairie et al., 2015). CBD also regulates
the perception of pain by affecting the activity of a significant
number of other targets, including non-cannabinoid GPCRs (e.g.,
5-HT1A), ion channels (TRPV1, TRPA1 and TPRM8, GlyR),
PPARs, while also inhibiting uptake of AEA and weakly inhibiting
its hydrolysis by the enzyme fatty acid amide hydrolase (FAAH)
(Russo et al., 2005; Staton et al., 2008; Ahrens et al., 2009; De
Petrocellis et al., 2011; Burstein, 2015; Morales et al., 2017). It has
been demonstrated that cannabidiol can act synergistically with
THC and contribute to the analgesic effect of medicinal-based
cannabis extract (Russo, 2011). At the same time, CBD displays
an entourage effect (the mechanism by which non-psychoactive
compounds present in cannabis modulate the overall effects of
the plant), and is capable of improving tolerability and perhaps
also the safety of THC by reducing the likelihood of psychoactive
effects and antagonizing several other adverse effects of THC
(sedation, tachycardia, and anxiety) (Russo and Guy, 2006;
Abrams and Guzman, 2015). The differences in concentration of
THC and CBD in the plant reflect the differences in the effects
of different cannabis strains. Although CBD as a monotherapy in
the treatment of pain has not been evaluated clinically, its anti-
inflammatory (Ko et al., 2016) and anti-spasmodic benefits and
good safety profile suggest that it could be an effective and safe
analgesic (Wade et al., 2003).

Other phytocannabinoids that can contribute to the overall
analgesic effects of medical cannabis are cannabichromene
(CBC), cannabigerol (CBG), tetrahydrocannabivarin (THCV),
and many others (Morales et al., 2017). Similarly to CBD, these
compounds do not display significant affinities for cannabinoid
receptors, but they have other modes of action. This is a new area
of research that needs to be addressed (Piomelli et al., 2017).

Endocannabinoid System
This system seems to regulate many functions in the body,
including learning and memory, mood and anxiety, drug
addiction, feeding behavior, perception, modulation of pain
and cardiovascular functions. The endocannabinoid system
consists of cannabinoid receptors, endogenous cannabinoids
(endocannabinoids), transport proteins and enzymes that
synthesize or degrade the endocannabinoids.

Cannabinoid CB1 and CB2 receptors are 7-transmembrane
G-protein coupled receptors (GPCRs). They play an important
role in peripheral, spinal, and supraspinal nociception, including
ascendant and descendent pain pathways (Hill et al., 2017).
The signal transduction pathway of CB1 and CB2 involves
inhibition of adenylyl cyclase, decreased cAMP formation, as
well as an increase in the activity of mitogen-activated protein
kinases (MAPK) (Ibsen et al., 2017). New evidence is emerging
that different ligands can differentially activate these pathways,
suggesting biased signaling through the cannabinoid receptors
CB1 and CB2 (Ibsen et al., 2017).

The CB1 receptor is distributed throughout the nervous
system. It mediates psychoactivity, pain regulation, memory
processing and motor control. CB1 is a presynaptic
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heteroreceptor that modulates neurotransmitter and
neuropeptide release and inhibits synaptic transmission.
Activation of CB1 results in the activation of inwardly rectifying
potassium channels, which decrease presynaptic neuron firing,
and in the inhibition of voltage-sensitive calcium channels that
decrease neurotransmitter release (Morales et al., 2017). The CB1
receptor is strategically located in regions of the peripheral and
CNS where pain signaling is intricately controlled, including the
peripheral and central terminals of primary afferent neurons,
the dorsal root ganglion (DRG), the dorsal horn of the spinal
cord, the periaqueductal gray matter, the ventral posterolateral
thalamus and cortical regions associated with central pain
processing, including the anterior cingulate cortex, amygdala
and prefrontal cortex (Hill et al., 2017). The principal endogenous
ligand for the CB1 receptor is AEA. CB1 receptors are observed
more often on the gamma-aminobutyric acid (GABA) inhibitory
interneurons in the dorsal horn of the spinal cord, and weakly
expressed in most excitatory neurons (Hill et al., 2017). CB1
receptors are also present in multiple immune cells such as
macrophages, mast cells and epidermal keratinocytes.

The CB2 receptor is found predominantly at the periphery
(in tissues and cells of the immune system, hematopoietic cells,
bone, liver, peripheral nerve terminals, keratinocytes), but also
in brain microglia (Abrams and Guzman, 2015). The receptors
are responsible for the inhibition of cytokine/chemokine release
and neutrophil and macrophage migration and they contribute
to slowing down of chronic inflammatory processes and
modulate chronic pain (Niu et al., 2017). Both CB2 and CB1
receptors on mast cells participate in the anti-inflammatory
mechanism of action of cannabinoids (Facci et al., 1995; Small-
Howard et al., 2005). Also, activation of CB2 receptors on
keratinocytes stimulates the release of β-endorphin, which acts
at µ opioid receptors on peripheral sensory neurons to inhibit
nociception (Ibrahim et al., 2005). Under basal conditions, CB2
receptors are present at low levels in the brain, the spinal cord
and DRG, but may be upregulated in microglia where they
modulate neuroimmune interaction in inflammation and after
peripheral nerve damage (Hsieh et al., 2011). CB2 receptor
activation inhibits adenylyl cyclase activity and stimulates MAPK
activity, but the effect on calcium or potassium conductance is
controversial (Rahn and Hohmann, 2009; Atwood et al., 2012).
Stimulation of CB2 receptors does not produce cannabis-like
effects on the psyche and circulation. The principal endogenous
ligand for the CB2 receptor is 2-arachidonoylglycerol (2-AG)
(Kano, 2014).

Endocannabinoids are arachidonic acid derivatives. AEA and
2-AG are synthesized separately, they have local (autocrine
and paracrine) effects and are rapidly removed by hydrolysis
by fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL), respectively (Pacher et al., 2006; Starowicz
and Przewlocka, 2012; Howard et al., 2013). Beside AEA,
FAAH inhibition significantly elevates the levels of other
fatty-acid amides such as oleoylethanolamide (OEA) and
palmitoylethanolamide (PEA) in the CNS and peripheral tissues
(Lambert et al., 2002). Endocannabinoids, similarly to THC,
appear to activate cannabinoid receptors. AEA and 2-AG are a
partial and full agonist of CB receptors, respectively (Kano, 2014).

They work as a part of a negative feedback loop that regulates
neurotransmitter and neuropeptide release and thereby modulate
various CNS functions, including pain processing (Vaughan and
Christie, 2005).

The AEA is a full agonist at TRPV1 (AEA referred to
as an ‘endovanilloid’) that activates TRPV1 which results in
desensitization (Ross, 2003; Horvath et al., 2008; Starowicz and
Przewlocka, 2012). AEA also activates GR55 (Ryberg et al.,
2007), directly inhibits 5-HT3A receptors (Barann et al., 2002)
potentiates the function of glycine receptors (Hejazi et al., 2006),
inhibits T-type voltage-gated calcium channels (Chemin et al.,
2001) and activates PPARs (Rockwell and Kaminski, 2004; Sun
et al., 2007; Romano and Lograno, 2012; O’Sullivan, 2016).

Endocannabinoids, which are produced in neural and non-
neural cells in the physiological response to tissue injury
or excessive nociceptive signaling, suppress inflammation,
sensitization and pain (Piomelli and Sasso, 2014; Maccarrone
et al., 2015). Inhibitors of FAAH lead to elevated AEA levels
and are intended for therapeutic use (Hwang et al., 2010).
N-acylethanolamines such as PEA and OEA do not belong to
endocannabinoids as they do not bind to cannabinoid receptors;
they exhibit anti-inflammatory action via PPARs, and also inhibit
pain through TRPV1 receptors. They are of interest to the field of
cannabinoid pain research as they elevate levels of AEA through
substrate competition at FAAH (Lambert et al., 2002).

There is a constant active exchange of substrates and
metabolites between endocannabinoid and eicosanoid pathways.
The enzyme FAAH breaks down AEA to arachidonic acid and
ethanolamine or, alternatively, AEA can be directly transformed
by cyclooxygenase-2 (COX-2) into proalgesic prostaglandins.
As such, AEA may contribute to the analgesic properties of
COX-2 selective NSAIDs. It was established that the metabolite
of paracetamol combines with arachidonic acid by the action
of FAAH to produce an endocannabinoid, which is a potent
agonist at the TRPV1 and a weak agonist at both CB1 and CB2
receptors and an inhibitor of AEA reuptake (Bertolini et al.,
2006).

Synthetic Cannabinoids
At present, there are two synthetic cannabinoids on the market,
dronabinol and nabilone, which may be of benefit in the
treatment of pain (Abrams and Guzman, 2015). In general, their
use in pain treatment is off-label. Dronabinol is a generic name
for the oral form of synthetic THC (Marinol R©). It is approved for
the treatment of chemotherapy-associated nausea and vomiting,
and anorexia associated with human immunodeficiency virus
infection. Nabilone, a generic name for the orally administered
synthetic structural analog of THC (Cesamet R©), is approved for
the treatment of chemotherapy-associated nausea and vomiting.
Their medical use is mostly limited by their psychoactive
side effects, as well as their limited bioavailability (Huestis,
2007).

Cannabis and Cannabis Extract
Cannabis delivered by way of inhalation (smoked or inhaled
through vaporization), orally or oromucosally, produces a host
of biological effects (Andre et al., 2016). Unfortunately, clinical
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trials conducted on cannabis are limited, and no drug agency
has approved the use of cannabis as a treatment for any medical
condition. Although there is no formal approval, cannabis is
widely used for the treatment of pain. It is authorized by
physicians where medical marijuana is legal (Health Canada,
2013).

Nabiximols, a generic name for the whole-plant extract with
a 1:1 ratio of THC:CBD (2.7 THC + 2.5 CBD per 100 µL),
an oromucosal spray (Sativex R©) is approved as an adjuvant
treatment for symptomatic relief of spasticity in adult patients
with multiple sclerosis (MS) who have not responded well
to other therapy and who have demonstrated a significant
improvement during an initial trial of Sativex R© therapy. In
addition, Sativex R© is approved in Canada (under the Notice
of Compliance with Conditions) as an adjuvant treatment for
symptomatic relief of neuropathic pain in adults with MS, and
as an adjuvant analgesic in adult patients with advanced cancer
who suffer from moderate to severe pain that is resistant to strong
opioids (Health Canada, 2013). An approval under the Notice
of Compliance with Conditions means that a product shows
potential benefit, possesses high quality and an acceptable safety
profile based on a benefit-risk evaluation (Portenoy et al., 2012).
Nabiximols is also approved in the United Kingdom and some
European countries (e.g., Spain). The United States Food and
Drug Administration (FDA) has not yet approved nabiximols
as a treatment for any medical condition. Currently it is under
investigation by the FDA under the Investigational New Drug
Application (IND) for the treatment of cancer pain. Beside
THC and CBD, nabiximols also contains other cannabinoids,
terpenoids, and flavonoids.

PHARMACOKINETICS OF
CANNABIS/CANNABINOIDS

Cannabis is mostly inhaled by smoking and to a lesser extent by
vaporization. The pharmacokinetics of inhaled and oral cannabis
differ significantly (Agurell et al., 1986; Huestis, 2007). Taken by
mouth, THC is metabolized in the liver to 11-hydroxy-THC, a
potent psychoactive metabolite. By inhalation, cannabis (THC)
avoids the first passage metabolism in the liver, and the effect of
inhaled cannabis is proportionate to the plasma levels of THC.
The pharmacokinetic profile of the inhaled cannabis is similar to
THC given by the intravenous route (Agurell et al., 1986). The
pharmacokinetic profile of CBD is very similar to THC given by
the same route of administration.

When inhaled, cannabinoids are rapidly absorbed into the
bloodstream. The advantages of inhaled over oral cannabis
are the fast onset of action (requiring minutes instead of
hours), and rapid attainment of peak effect (in 1 h vs. several
hours), which is maintained at a steady level for 3–5 h (vs.
the variable effect, observed after oral administration, which
lasts from 8 to more than 20 h) and less generation of the
psychoactive metabolite (Agurell et al., 1986). The analgesic effect
is experienced shortly after the first breath and can be maximized
by self-titration (patients adjust cannabis dosage themselves).
However, self-titration of oral cannabis is not recommended

due to the unpredictable appearance of side effects. The main
disadvantage of smoking cannabis is inhalation of combustion
byproducts with possible adverse effects in the respiratory tract
(Volkow et al., 2014; NASEM, 2017). Therefore, vaporization is
considered a better alternative for the inhalation of cannabis.
About 25–27% of the available THC becomes available to
the systemic circulation after smoking (Carter et al., 2004;
Zuurman et al., 2009). The bioavailability of inhaled THC
varies considerably, probably due to differences in inhalation
techniques and source of the cannabis product (Agurell et al.,
1986; Huestis, 2007).

Dronabinol, nabilone, and nabiximols are currently available
oral pharmaceutical preparations of cannabinoids with
standardized concentrations or doses. The main limitation
associated with the administration of oral cannabinoids is
their poor pharmacokinetic profile characterized by slow,
unpredictable and highly variable absorption, late onset of
action, extended duration due to psychoactive metabolites
and unpredictable psychotropic effects (Ohlsson et al., 1980;
Huestis, 2007; Issa et al., 2014). Oral THC (extract, synthetic or
cannabis-derived) bioavailability was reported to be 6–20% only
(Wall et al., 1983; Agurell et al., 1986). Further efforts are aimed
at improving the bioavailability of oral cannabinoids (Smith,
2015).

Tetrahydrocannabinol is characterized by high binding to
plasma protein (95–99%) so that the initial volume of distribution
of THC is equivalent to the plasma volume (Grotenhermen,
2003). However, the distribution changes over time, with the
steady state volume of distribution being about 3.5 L per kg of
body weight. This is due to the high lipophilicity of THC, with
high binding to fat tissue. THC crosses the placental barrier and
small amounts also cross into breast milk (Grotenhermen, 2003).

Tetrahydrocannabinol is metabolized by cytochrome P450
enzymes CYP 2C9, 2C19 and 3A4, (Huestis, 2007; Rong et al.,
2018), and drugs that inhibit these enzymes (e.g., proton pump
inhibitors, HIV protease inhibitors, macrolides, azole antifungals,
calcium antagonists and some anti-depressants) can increase the
bioavailability of THC. Conversely, drugs that induce hepatic
enzymes responsible for THC metabolism (e.g., phenobarbital,
phenytoin, troglitazone, and St John’s wort) will lower its
bioavailability (Rong et al., 2018).

In chronic-pain patients on opioid therapy, vaporized
cannabis increases the analgesic effects of opioids without
affecting significantly the plasma opioid levels (Abrams
et al., 2011) suggesting that the effects are probably due to
pharmacodynamic rather than pharmacokinetic interactions.

CANNABINOIDS IN ANIMAL MODELS OF
PAIN

Behavioral studies have shown that synthetic or plant-derived
cannabinoid receptor agonists or endogenous cannabinoid
ligands are effective in different animal models of acute pain
(Dhopeshwarkar and Mackie, 2014). However, data obtained in
humans, including volunteers with experimental pain and clinical
trial patients, suggest that cannabinoids may be more effective
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for chronic rather than acute pain conditions (Kraft et al., 2008).
Also, a number of targets identified in animal studies have not
been confirmed in clinical trials. These include the absence of
apparent clinical activity in clinical trials with CB2 agonists
(Roche and Finn, 2010; Ostenfeld et al., 2011; Atwood et al.,
2012; Pereira et al., 2013; Dhopeshwarkar and Mackie, 2014).
In addition, FAAH inhibitors, although providing promising
data in animal studies, did not demonstrate a significant efficacy
against chronic pain in humans (Huggins et al., 2012; Woodhams
et al., 2017). These discrepancies may be explained by species
differences, differences in methodology and outcomes measured
in the studies, as well as lack of selectivity of the ligands
used (Dhopeshwarkar and Mackie, 2014). On the other hand,
the outcome of a clinical trial of pain depends on the type
of pain, trial design, target patient population, and several
other factors (Gewandter et al., 2014). The effect of THC and
other cannabinoids acting at CB1 receptors on motor activity
in animals may easily be misinterpreted as pain-suppressing
behavior (Meng et al., 1998). In humans, multiple emotional
and cognitive factors influence the perception and experience of
pain and this result in high inter-individual variability. However,
pain in animals is mainly measured as a behavioral response to
noxious stimuli, so that results obtained from animal studies are
often more consistent. Also, volunteers with experimental pain
respond more uniformly than patients with pathological pain,
and pain pathways in healthy volunteers differ from those in
patients (Olesen et al., 2012).

Due to CB1 receptor activation, the cannabinoid
antinociception in animals may be accompanied by CNS
side effects (e.g., hypoactivity, hypothermia and catalepsy)
(Martin et al., 1991), which may translate into psychoactive
side effects in humans (e.g., drowsiness, dizziness, ataxia, and
fatigue).

A growing body of evidence indicates that in the treatment
of chronic pain conditions, stimulation of the endocannabinoid
system presents a promising approach that may prevent the
occurrence of CNS side effects (Lomazzo et al., 2015). Several
new strategies on how to preserve analgesic activity and
avoid psychoactivity of cannabinoids have been proposed and
tested in animals. They include inhibition of endocannabinoid
uptake and metabolism in identified tissues where increased
levels of endocannabinoids are desirable, administration of
novel compounds that selectively target peripheral CB1 and
CB2 receptors, positive allosteric modulation of cannabinoid
CB1 receptor signaling, and modulation of non-CB1/non-CB2
receptors (TRPV1, GPR55, and PPARs) (Malek and Starowicz,
2016; Starowicz and Finn, 2017). In recent years, dual-acting
compounds that provide FAAH inhibition (increased AEA
and decreased arachidonic acid levels), TRPV1 antagonism
(that prevents activation of the pro-nociceptive pathway by
AEA), or COX-2 inhibition (that increases AEA and decreases
prostaglandin levels), have offered the most promising results
in chronic pain states in animals (Maione et al., 2007; Grim
et al., 2014; Morera et al., 2016; Malek and Starowicz, 2016;
Aiello et al., 2016; Starowicz and Finn, 2017). However, it
is important to verify whether the efficacy of this multi-
target strategy observed in rodent models of chronic pain

and inflammation translates to humans and is not species-
specific.

Neuropathic Pain
Cannabinoids have been studied in various types of neuropathic
pain in animals, including chronic nerve constriction traumatic
nerve injury, trigeminal neuralgia, chemotherapy- and
streptozotocin-induced neuropathy, etc.

Both CB1 and CB2 receptors have been found to be
upregulated in nervous structures involved in pain processing
in response to peripheral nerve damage (Lim et al., 2003;
Zhang et al., 2003; Hsieh et al., 2011), and this may explain
the beneficial effects of cannabinoid receptor agonists on
neuropathic pain. It has been shown that increased CB2
expression is accompanied by the appearance of activated
microglia (Zhang et al., 2003). Both microglial activation
and neuropathic pain symptoms can be suppressed by CB2
agonists (Wilkerson et al., 2012). Consistent with this, CB2
knockout mice and transgenic mice overexpressing CB2 are
characterized by enhanced and suppressed reactivity of microglia
and neuropathic pain symptoms, respectively (Racz et al., 2008).
TRPV1 expression is also increased in glutamatergic neurons of
the medial prefrontal cortex in a model of spared nerve injury
(SNI) in rats (Giordano et al., 2012).

In different neuropathic pain conditions, systemic
administration of synthetic mixed cannabinoid CB1/CB2
agonists produces antinociceptive effects similar to those of THC
(Herzberg et al., 1997; Pascual et al., 2005; Liang et al., 2007).
The CB2 selective agonists given intrathecally or systemically
are also effective in several animal models of neuropathic
pain (Yamamoto et al., 2008; Kinsey et al., 2011), but their
antinociceptive effects are without development of tolerance,
physical withdrawal and other CNS side effects that accompany
CB1 agonism (Deng et al., 2015).

When given early in the course of diabetes, CBD attenuates
microgliosis in the ventral lumbar spinal cord of diabetic mice,
as well as tactile allodynia and thermal hyperalgesia. However, if
given later in the course of the disease, CBD has a little effect on
pain-related behavior (Toth et al., 2010).

A controlled cannabis extract containing numerous
cannabinoids and other non-cannabinoid fractions such as
terpenes and flavonoids demonstrated greater antinociceptive
efficacy than the single cannabinoid given alone, indicating
synergistic antinociceptive interaction between cannabinoids
and non-cannabinoids in a rat model of neuropathic pain
(Comelli et al., 2008). The anti-hyperalgesic effect did not involve
the cannabinoid receptors but was mediated by TRPV1 and thus
it most probably belongs to CBD.

In animals with neuropathic pain, increased levels of
endocannabinoids (AEA and 2-AG) have been detected
in different regions of the spinal cord and brain stem
(Mitrirattanakul et al., 2006; Petrosino et al., 2007). However,
they appeared to be differentially regulated in different models
of neuropathic pain, depending on the characteristic of the
pain and the affected tissues (Starowicz and Przewlocka, 2012).
Genetic or pharmacological inactivation of FAAH/MAGL
resulting in the elevation of endocannabinoid (AEA/2-AG)
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levels in the spinal cord and brain stem (Lichtman et al., 2004;
Schlosburg et al., 2009; Long et al., 2009; Adamson Barnes
et al., 2016) show promise for suppressing both neuropathic
and inflammatory pain. In general, the antinociceptive effect of
endocannabinoids is sensitive to antagonists of CB1 and CB2
receptors, TRPV1 channels and PPARα antagonism, indicating
that multiple targets could be involved in the mechanism of
their action (Kinsey et al., 2010; Caprioli et al., 2012; Piomelli,
2014; Adamson Barnes et al., 2016). The reduction in the
side effects that accompany CB1 agonism, such as motor
incoordination, catalepsy, sedation and hypothermia, suggests
that mainly TRPV1, but not a cannabinoid receptor-dependent
mechanism, mediate the analgesic properties of exogenously and
endogenously elevated levels of AEA in neuropathic pain. In a rat
chronic constriction injury (CCI) model, depending on the dose
of URB597 (FAAH inhibitor) used, lower or higher elevation of
endogenous AEA levels and CB1- or TRPV1-mediated analgesia
were achieved, respectively (Starowicz et al., 2012). It has been
suggested that endocannabinoids can increase the excitability of
nociceptive neurons by reducing synaptic release of inhibitory
neurotransmitters via CB1 receptors on dorsal horn neurons
(Pernía-Andrade et al., 2009), as well as by agonist activity on
TRPV1 (Ross, 2003).

Monoacylglycerol lipase inhibitors demonstrated CB1-
dependent behavioral effects, including analgesia, hypothermia
and hypomotility (Long et al., 2009). In a mouse model of
neuropathic pain both CB1 and CB2 were engaged in the
anti-allodynic effects of FAAH inhibitors, while only CB1 was
involved in the anti-allodynic effect of the MAGL inhibitor
(Kinsey et al., 2010). Also, unlike FAAH inhibitors, the persistent
blockade of MAGL activity leads to desensitization of brain
CB1 receptors and loss of the analgesic phenotype (Chanda
et al., 2010) and physical dependence (Schlosburg et al., 2009).
However, a new highly selective MAGL inhibitor, KML29,
exhibited antinociceptive activity without cannabimimetic side
effects (Ignatowska-Jankowska et al., 2014).

In CCI in mice, JZL195, a dual inhibitor of FAAH and MAGL,
demonstrated greater anti-allodynic efficacy than selective FAAH
or MAGL inhibitors, and a greater therapeutic window (less
motor incoordination, catalepsy and sedation) than WIN55212,
a cannabinoid receptor agonist (Adamson Barnes et al., 2016).

Co-administration of sub-threshold doses of FAAH inhibitor,
PF-3845 and the non-selective COX inhibitor, diclofenac sodium,
produced enhanced antinociceptive effects in rodent models
of both neuropathic (CCI) and inflammatory pain (intra-
plantar carrageenan) (Grim et al., 2014). Combined FAAH
inhibition/TRPV1 antagonism is also an attractive therapeutic
strategy because FAAH inhibition only produced biphasic effects,
with antinociception via CB1 at low levels of AEA, and when AEA
levels were higher, pronociceptive effects via TRPV1 (Maione
et al., 2007; Malek and Starowicz, 2016).

Cannabinoids may attenuate neuropathic pain by peripheral
action via both CB1 and/or CB2 receptors (Fox et al., 2001;
Elmes et al., 2004). The peripherally acting cannabinoid agonist
AZ11713908 reduced mechanical allodynia with a similar
efficacy to WIN55,212-2, an agonist that entered the CNS
(Yu et al., 2010). In addition, URB937, a brain impermeant

inhibitor of FAAH, elevated anandamide outside the brain and
controlled neuropathic pain behavior without producing CNS
side effects (Clapper et al., 2010).

After identification of allosteric binding site(s) on the
CB1 GPCR (Price et al., 2005), several CB1-positive allosteric
modulators have been developed and tested in animals. They
attenuated both inflammatory and neuropathic pain behavior
without producing the CB1-mediated side effects of orthosteric
CB1 agonists but did not produce tolerance after repeated
administration (Khurana et al., 2017; Slivicki et al., 2017).

Inflammatory Pain
Different classes of cannabinoids (i.e., CB1 agonists, CB2
agonists, mixed CB1/CB2 agonists, endocannabinoids and
endocannabinoid modulators) all suppressed pain behavior in
various animal models of inflammatory pain (Clayton et al.,
2002; Burgos et al., 2010; Starowicz and Finn, 2017). Since
inflammatory pain is a characteristic of several chronic diseases,
including cancer, arthritis, inflammatory bowel disease, sickle-
cell disease, etc., cannabinoids appear to promise the lessening
of severe pain in these diseases (Fichna et al., 2014; Abrams and
Guzman, 2015; Turcotte et al., 2016; Vincent et al., 2016).

It is well known that CB2 receptor expression increases in
microglia in response to inflammation and serves to regulate
neuroimmune interactions and inflammatory hyperalgesia
(Dhopeshwarkar and Mackie, 2014). However, the extent of CB2
expression in neurons is a subject of controversy (Atwood and
Mackie, 2010; Atwood et al., 2012). It has been suggested that
peripheral inflammation, unlike peripheral nerve injury, does
not induce CB2 receptor expression in the spinal cord (Zhang
et al., 2003). In contrast, Hsieh et al. (2011) demonstrated that the
CB2 receptor gene is significantly upregulated in DRG and paws
ipsilateral to inflammation induced by injection of complete
Freund’s adjuvant (CFA).

Systemic or local peripheral injection of the CB2-selective
agonist was reported to reduce nociceptive behavior and swelling
in different animal models of inflammation (Quartilho et al.,
2003; Elmes et al., 2005; Kinsey et al., 2011). In addition, the
CB2-selective agonist did not produce hypothermia or motor
deficit that are CB1-mediated side effects (Kinsey et al., 2011).
Therefore, a CB2 receptor selective agonist is expected to
have less psychomimetic side effects and lower abuse potential
as compared to the available non-selective or CB1-selective
cannabinoid agonists. In animal models of inflammatory disease,
CB2 agonists slow the progression of diseases (Turcotte et al.,
2016). In a murine model of rheumatoid arthritis, collagen-
induced arthritis (CIA), CB2-selective agonists did not prevent
the onset of arthritis, but did ameliorate established arthritis
(Sumariwalla et al., 2004). JWH133, a selective CB2 agonist,
inhibited in vitro production of cytokines in synoviocytes and
in vivo reduced the arthritis score, inflammatory cell infiltration
and bone destruction in CIA (Fukuda et al., 2014). Another CB2-
selective agonist, HU-308, was shown to reduce swelling, synovial
inflammation and joint destruction, in addition to lowering
circulating antibodies against collagen I in CIA (Gui et al.,
2015). Although approved in a range of preclinical models of

Frontiers in Pharmacology | www.frontiersin.org 7 November 2018 | Volume 9 | Article 1259138

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01259 November 9, 2018 Time: 16:25 # 8
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pain, LY2828360, CB2 agonist, failed in a trial of patients with
osteoarthritic knee pain (Pereira et al., 2013).

It was shown that formalin administration to the hind paw
of rats induced AEA release into the periaqueductal gray matter
(Walker et al., 1999). FAAH knockout mice and mice that express
FAAH exclusively in nervous tissue, displayed anti-inflammatory
and anti-hyperalgesic effects in both the carrageenan and CIA
models, and the effects were prevented by administration of a
CB2 but not a CB1 antagonist (Lichtman et al., 2004; Kinsey et al.,
2011). FAAH inhibition may also reduce nociceptive behavior
induced by lipopolysaccharide injection into the rat hind paw,
and examination of the mechanism showed that both CB1 and
CB2 were involved, but not TRPV1, PPARs, or opioid receptors
(Booker et al., 2012). Oral administration of PF-04457845, a
highly efficacious and selective FAAH inhibitor, produced potent
antinociceptive effects in the CFA model of arthritis in rats, and
it was shown that both CB1 and CB2 receptors were implicated
in this effect (Ahn et al., 2011). In contrast to animal data, PF-
04457845 failed to demonstrate efficacy in a randomized placebo
and active-controlled clinical trial on pain in osteoarthritis
of the knee (Ahn et al., 2011; Huggins et al., 2012). The
possible explanations are development of tolerance to chronically
elevated endocannabinoids or sensitization of TRPV1 receptors.
A pronociceptive phenotype has been recently documented in
FAAH knockout mice after administration of a challenge dose
of TRPV1 agonist capsaicin (Carey et al., 2016). The increased
nociceptive response was attenuated by antagonists of CB1 and
TRPV1 receptors.

In a recent phase I trial, the FAAH inhibitor BIA-102474
caused death in one and severe neurological damage in five
participants (Kaur et al., 2016; Moore, 2016). It has been
suggested that specificity and non-selectivity of this molecule and
several errors in the design of the study were responsible for its
toxicity, and not targeting of FAAH per se (Huggins et al., 2012;
Pawsey et al., 2016). More research is necessary to characterize
both the efficacy and safety profiles of endocannabinoid-directed
therapeutic strategies.

An increase in local endocannabinoid levels by inhibition with
local peripheral administration of URB597 (an irreversible FAAH
inhibitor) induced analgesia in a model of carrageenan-induced
inflammation in rats that was inhibited by a PPARα antagonist
but not by a CB1 receptor antagonist (Sagar et al., 2008).
However, local administration of URB597 into osteoarthritic
knee joints reduced pain via CB1 receptors [monosodium
iodoacetate (MIA)-induced osteoarthritis in rats and the model
of spontaneous osteoarthritis in Dunkin-Hartley guinea pigs]
(Schuelert et al., 2011). A peripherally restricted FAAH inhibitor,
URB937, also reduced inflammatory pain in rodents via CB1
receptors (Clapper et al., 2010).

It was shown that inhibition of fatty acid binding proteins
(FABPs) reduced inflammatory pain in mice. This effect was
associated with an upregulation of AEA and the effect was
inhibited by antagonists of CB1 or PPARα receptors (Kaczocha
et al., 2014).

Recent animal findings suggest that cannabinoids may have
beneficial effect on affective-emotional and cognitive aspect
of chronic pain (La Porta et al., 2015; Neugebauer, 2015;

Kiritoshi et al., 2016). In mice with MIA-induced arthritis,
selective agonists of both CB1 and CB2 receptors ameliorated
the nociceptive and affective manifestations of osteoarthritis,
while a CB1-selective agonist improved the memory impairment
associated with arthritis (La Porta et al., 2015; Woodhams
et al., 2017). This is in agreement with human studies
of cannabinoids that indicate a significant improvement in
secondary outcome measures, such as sleep and mood (Lynch
and Ware, 2015).

The combined FAAH/COX inhibitor ARN2508 demonstrated
efficacy against intestinal inflammation and was without
gastrointestinal side effects (Sasso et al., 2015) because AEA,
which is similar to prostanoids, has protective actions on the
gastrointestinal mucosa.

Cancer Pain
Experiments with animal models of cancer pain support the use
of cannabinoids in the treatment of cancer pain in humans.
Systemic administration of non-selective, CB1 selective or CB2
selective agonist significantly attenuated mechanical allodynia in
a mouse model which was produced by inoculating human oral
cancer cell lines HSC3 into the hind-paw of mice (Guerrero
et al., 2008). A mechanical hyperalgesia associated with decreased
anandamide levels were found in plantar paw skin ipsilateral
to tumor induced by injection of fibrosarcoma cells into the
calcaneum of mice. The paw withdrawal frequency was reduced
after local injection of anandamide (Khasabova et al., 2008).
Also, one study reported that the efficacy of synthetic CB1-
and CB2-receptor agonists was comparable with the efficacy
of morphine in a murine model of tumor pain (Khasabova
et al., 2011). An important finding is that cannabinoids are
effective against neuropathic pain induced by exposure of
animals to anticancer chemotherapeutics (vincristine, cisplatin,
paclitaxel) (Rahn et al., 2007; Khasabova et al., 2012; Ward et al.,
2014).

CLINICAL TRIALS OF
CANNABIS/CANNABINOIDS IN
CHRONIC PAIN

Pain relief is the most commonly cited reason for the medical
use of cannabis. In 2011, 94% of the registrants on the Medical
Marijuana Use Registry in Colorado (United States) were using
medical marijuana for chronic pain (Kondrad and Reid, 2013).
However, cannabis is not the first drug of choice that a patient
takes to relieve pain. As with many other analgesics, cannabinoids
do not seem to be equally effective in the treatment of all pain
conditions in humans. This is most probably due to the different
mechanisms of pain (e.g., acute vs. chronic, or chronic non-
cancer vs. chronic cancer pain) (Romero-Sandoval et al., 2017).
Clinical studies have shown that cannabinoids are not effective
against acute pain (Buggy et al., 2003; Beaulieu, 2006; Holdcroft
et al., 2006; Kraft et al., 2008). Clinical data also indicate that
cannabinoids may only modestly reduce chronic pain, like all
presently available drugs for the treatment of chronic pain in
humans (Romero-Sandoval et al., 2017).
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Efficacy of Cannabis/Cannabinoids in
the Treatment of Chronic Pain
Until recently, there was no consensus about the role of
cannabinoids for the treatment of chronic pain. Several
years ago, the European Federation of Neurological Societies
recommended cannabinoids (THC, oromucosal sprays 2.7 mg
delta-9-tetrahydrocannabinol/2.5 mg cannabidiol) as the second
or third line of treatment of central pain in MS (Attal et al., 2010).
More recently, the Canadian Pain Society supported their use
as the third-line option for the treatment of neuropathic pain,
after anti-convulsives, anti-depressants, and opioids (Moulin
et al., 2014). In addition, Health Canada provided preliminary
guidelines for prescribing smoked cannabis in the treatment
of chronic non-cancer pain (Kahan et al., 2014). At the same
time, the Special Interest Group on neuropathic pain of the
International Association for the Study of Pain provided “a weak
recommendation against the use of cannabinoids in neuropathic
pain, mainly because of negative results, potential misuse, abuse,
diversion and long-term mental health risks particularly in
susceptible” (Finnerup et al., 2015).

There is a growing body of evidence to support the use
of medicinal cannabis in the treatment of chronic pain. At
present, there is a scientific consensus on the medicinal effects
of cannabis for the treatment of chronic pain that is based
on scientific evidence. The National Academy of Sciences,
Engineering and Medicine (NASEM, 2017) has evaluated more
than 10,000 scientific abstracts and established that there is
“conclusive or substantial evidence” for the use of cannabis
in treating chronic pain in adults. Also, there is “moderate
evidence” that cannabinoids, in particular nabiximols, are
effective in improving short-term sleep outcomes in patients
with chronic pain (NASEM, 2017). The expert report NASEM
supports more research to determine dose–response effects,
routes of administration, side effects and risk-benefit ratio of
cannabis/cannabinoid use with precision and make possible
evidence based policy measure implementation. At the same
time, the PDQ Integrative Alternative and Complementary
Therapies Editorial Board (2018) states that pain relief is one
of the potential benefits of cannabis/cannabinoids for people
living with cancer (in addition to its anti-emetic effects, appetite
stimulation, and improved sleep).

Chronic Non-cancer Pain
Lynch and Campbell (2011) and Lynch and Ware (2015)
performed two systematic reviews of cannabis/cannabinoid use
in chronic non-cancer pain (neuropathic pain, fibromyalgia,
rheumatoid arthritis and mixed chronic pain) involving 18
randomized controlled trials published between 2003 and
2010, and 11 studies published between 2011 and 2014,
respectively. All 29 trials included about 2000 participants and
their duration was up to several weeks. Twenty-two of 29
trials demonstrated a significant analgesic effect and several
also reported improvements in secondary outcomes (sleep,
spasticity).

Whiting et al. (2015) performed a systematic review of the
benefits and adverse events of orally administered cannabinoids

and inhaled cannabis for a variety of indications (chronic pain
was assessed in 28 studies, there were 2454 participants, the
follow-up period lasted up to 15 weeks), and provided moderate-
quality evidence to support the use of cannabinoids for the
treatment of chronic pain.

The Canadian Agency for Drugs and Technologies in Health
(2016) recently analyzed five systematic reviews (including two
with meta-analyses) of nabiximols (THC:CBD buccal spray) for
the treatment of chronic non-cancer or neuropathic pain (Lynch
and Campbell, 2011; Lynch and Ware, 2015; Jawahar et al.,
2013; Boychuk et al., 2015; Whiting et al., 2015). The length
of the follow-up across the studies was from 1 to 15 weeks. In
this review, there are inconsistencies with regard to both the
effectiveness and safety of nabiximols. The authors concluded
that treatment with nabiximols in the short term may be
associated with pain relief and good tolerability when compared
with placebo therapy, but there is still insufficient evidence to
support its use in the management of chronic neuropathic and
non-cancer pain.

Neuropathic pain
Cannabis. The meta-analysis of individual patient data from
5 randomized trials (178 participants) presents evidence that
inhaled cannabis may provide short-term reductions (>30%
reduction in pain scores) in chronic neuropathic pain (diabetes,
HIV, trauma) for 1 in 5–6 patients (Andreae et al., 2015). In
these trials, the THC content ranged from 3.5 to 9.4%. A dose-
related effect of cannabis was found, with higher THC contents
producing more pronounced pain relief. In one study, pain
relief was not dose-dependent and was achieved with a low
concentration of cannabis THC [1.29% (vaporized)] (Wilsey
et al., 2013). The follow-up periods ranged from days to weeks.
Consistent with the results of this meta-analysis, a more recent,
small, randomized, double-blind, placebo-controlled crossover
clinical study demonstrated that vaporized cannabis (1–7% THC)
in a dose-dependent manner reduced spontaneous and evoked
pain in patients (16 subjects) suffering from painful diabetic
neuropathy (Wallace et al., 2015). The analgesic effect was
achieved at THC concentrations as low as 1–4%. In a more recent
randomized, placebo-controlled, double-blind crossover study
(38–41 participants per group), Wilsey et al. (2016) reported
that low THC concentrations (2.9–6.7%) of vaporized cannabis
effectively reduced chronic neuropathic pain after spinal cord
injury or disease. It was found that higher plasma levels of
THC and/or the THC metabolite significantly correlated with
improvements in clinical symptoms of pain (Wilsey et al., 2016).

Oral cannabinoids. No recommendations regarding cannabinoid
treatment of non-spastic and non-trigeminal neuralgic pain in
adult patients with MS were reported in the systemic review of
Jawahar et al. (2013). Results of another systematic review that
analyzed the effectiveness of cannabis extracts and cannabinoids
in the treatment of chronic non-cancer neuropathic pain
suggested that cannabis-based medicinal extracts may provide
pain relief in conditions that are refractory to other treatments
(Boychuk et al., 2015). It was pointed out that further studies
are required to estimate the influence of the duration of the
treatment.
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A recently published systematic review (Meng et al., 2017)
considered 11 randomized controlled studies involving a total
of 1219 participants in which oral cannabinoids (dronabinol,
nabilone, and nabiximols) were compared with standard
pharmacological and/or non-pharmacological treatments or
placebo in patients with neuropathic pain (including MS). This
study shows that oral cannabinoids are modestly effective in
reducing chronic neuropathic pain and that for this effect a
minimum of 2 weeks of treatment is required. The study
also showed improvements in the quality of life, sleep and
increased patient satisfaction. However, the quality of the
evidence is moderate and the strength of recommendation
for analgesic efficacy of selective cannabinoids in this clinical
setting is weak. Of the different cannabinoids used, nabiximols
and dronabinol but not nabilone demonstrated an analgesic
advantage.

The authors of the most recent Cochrane Review on the
efficacy, tolerability and safety of cannabis-based medicines
(CBM; botanical, plant-derived, and synthetic) compared to
placebo or conventional drugs for neuropathic pain in adults
(16 randomized, double-blind controlled trials with 1750
participants) concluded that the potential benefits of CBM
in neuropathic pain might be outweighed by their potential
harms (Mücke et al., 2018). All CBMs were superior to placebo
in reducing pain intensity, sleep problems and psychological
distress (very low- to moderate-quality evidence). Between
these two groups, no differences were found in improvements
to health-related quality of life and discontinuation of the
medication because of its ineffectiveness. There was no difference
between CBM and placebo in the frequency of serious adverse
events (low-quality evidence). Adverse events were reported
by 80.2% of participants in the CBM group and 65.6% of
participants in the placebo group (RD 0.19, 95% CI 0.12–
0.27; P-value < 0.0001; I2 = 64%). CBM may increase
nervous-system adverse events compared with placebo [61%
vs. 29%; RD 0.38 (95% CI 0.18–0.58); number-needed-to-
harm (NNTH) 3 (95% CI 2–6); low-quality evidence], as
well as psychiatric disorders (17% vs. 5%: RD 0.10 (95% CI
0.06–0.15); NNTH 10 (95% CI 7–16); low-quality evidence].
Some of the adverse events (e.g., somnolence, sedation,
confusion, and psychosis) may limit the clinical usefulness of
CBM.

Rheumatic pain
Four randomized controlled trials with 159 patients with
fibromyalgia, osteoarthritis, chronic back pain and rheumatoid
arthritis treated with cannabinoids (nabilone, nabiximols, and
FAAH inhibitor) or placebo or an active control (amitriptyline),
were included in a systemic review (Fitzcharles et al.,
2016). The results were not consistent and did not reveal
whether the cannabinoids were superior to the controls
(placebo and amitriptyline). The authors concluded that
there is insufficient evidence for the recommendation for
cannabinoid use for pain management in patients with
rheumatic diseases. Smoked cannabis has not been tested for
pain relief in patients suffering from rheumatoid pain (Ko et al.,
2016).

Chronic abdominal pain
In a randomized, double-blind, placebo-controlled parallel-
design phase 2 study (65 participants), no difference between a
THC tablet and a placebo tablet in reducing pain measures in
patients with chronic abdominal pain due to surgery or chronic
pancreatitis was found (de Vries et al., 2017).

Chronic Cancer Pain
Cancer pain is a chronic pain, often complex, consisting of
nociceptive, inflammatory and neuropathic components. Severe
and persistent cancer pain is often refractory to treatment with
opioid analgesics (Abrams and Guzman, 2015).

Nabiximols has been considerably studied in patients with
cancer pain. It has been conditionally approved in Canada
and some European countries for the treatment of cancer-
related pain. Currently, it is in phase 3 trials for cancer pain.
A multicenter, double-blind, randomized, placebo-controlled
study (177 patients) demonstrated that nabiximols (2.7 mg
THC + 2.5 mg CBD) given for 2 weeks is superior to a
placebo for pain relief in advanced cancer patients whose
pain was not fully relieved by strong opioids (Johnson et al.,
2010). A randomized, placebo-controlled, graded-dose trial with
advanced cancer patients (88–91 per group) whose pain was
not fully relieved by strong opioids, demonstrated significantly
better pain relief and sleep with THC:CBD oromucosal spray
following 35 days of treatment with lower doses (1–4 and 6–
10 sprays/day), compared with placebo (Portenoy et al., 2012).
In an open-label extension study of 43 patients with long-
term use of the THC:CBD oromucosal spray there was no
need for increasing the dose of the spray or the dose of
other analgesics (Johnson et al., 2013). However, results of
more recent studies differ from previous ones and are not
promising for the use of nabiximols in the treatment of cancer
pain. Namely, two studies (multicenter, randomized, double-
blind, placebo-controlled, and parallel-group) conducted by GW
Pharmaceuticals, the manufacturer of nabiximols, suggested
that the effects of nabiximols in patients with cancer pain
resistant to opioid analgesics were not different from placebo
(Fallon et al., 2017). In fact, it was shown that nabiximols
is superior to placebo in a patient sub-population studied
in the United States, but not in sub-populations studied
outside of United States, and this finding warrants further
examination.

At present, there is insufficient evidence to support the
approval of dronabinol and nabilone for the treatment of any
type of pain, including cancer pain. In an observational study of
patients with advanced cancer, nabilone improved management
of pain, nausea, anxiety and distress when compared with
untreated patients. Nabilone was also associated with a decreased
use of opioids and other pain killers, as well as dexamethasone,
metoclopramide, and ondansetron (Maida et al., 2008). Two
studies examined the effects of dronabinol on cancer pain. In
the first, randomized, double-blind, placebo-controlled, dose-
ranging study involving ten patients, significant pain relief was
obtained with 15- and 20-mg doses; however, a 20-mg dose
induced somnolence (Noyes et al., 1975b). In a follow-up,
single-dose study involving 36 patients, doses of 10 and 20 mg
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Vučković et al. Cannabis/Cannabinoids and Pain

of dronabinol produced analgesic effects that were equivalent
to doses of 60 and 120 mg of codeine, respectively (Noyes
et al., 1975a). However, higher doses of dronabinol were found
to be more sedating than codeine. It can be concluded that
the effectiveness of cannabinoids in the treatment of chronic
cancer pain is questionable. However, whether cannabinoids
show some other improvements in cancer patients (sleep, quality
of life) remains to be explored. More research is required to
establish the role of cannabinoids in the treatment of cancer
pain.

There are some case studies, but no published controlled
clinical trials, on the use of inhaled cannabis for the treatment
of pain in patients with cancer. Also, inhaled cannabis could
be effective against chemotherapy-induced neuropathic pain in
patients with cancer (Wilsey et al., 2013; Wilsey et al., 2016).

Tolerability and Safety of
Cannabis/Cannabinoids in the Treatment
of Chronic Pain
Short-Term Tolerability and Safety
Findings from available short-term clinical studies suggest that
the safety profile of the short-term use (days to weeks) of
cannabis/cannabinoids for pain treatment is acceptable. Their
short-term use was associated with an increased risk of adverse
events, but they were mostly mild and well tolerated (Wang
et al., 2008; Lynch and Campbell, 2011; Andreae et al., 2015;
Lynch and Ware, 2015; Whiting et al., 2015; Meng et al.,
2017). The psychoactive effects of inhaled cannabis were dose-
dependent, rare and mild in intensity (Andreae et al., 2015). The
treatment with oral cannabinoids was associated with limited
tolerability. They produce more cannabinoid-related side effects
than placebo, but the side effects are mild to moderate and
short-lived (Meng et al., 2017).

One systematic review of safety studies (23 RCTs and 8
observational studies) of medical cannabis and cannabinoids
found that short-term use appeared to increase the risk of non-
serious adverse events and that they represent 96.6% of all
reported adverse events (Wang et al., 2008). Usually no difference
in the incidence rate of serious adverse events was found between
the group of patients assigned medical cannabis/cannabinoids
and the control group. Psychiatric adverse effects are the
most common reason for withdrawal of the treatment. The
most commonly reported adverse effect was dizziness (15.5%),
followed by drowsiness, faintness, fatigue, headache, problems
with memory and concentration, the ability to think and
make decisions, sensory changes, including lack of balance
and slower reaction times (increased motor vehicle accidents),
nausea, dry mouth, tachycardia, hypertension, conjunctival
injection, muscle relaxation, etc. (Wang et al., 2008; Belendiuk
et al., 2015). Tolerance to these adverse effects develops soon
after the beginning of treatment. Cannabis/cannabinoids can
cause mood changes or a feeling of euphoria, dysphoria,
anxiety and even hallucinations and paranoia. They can also
worsen depression, mania or other mental illnesses. Due
to lack of cannabinoid receptors in the brainstem areas

controlling respiration, lethal overdoses from cannabis do not
occur.

Long-Term Tolerability and Safety
As cannabis/cannabinoids are intended for treating chronic
pain conditions, their long-term tolerability and safety has to
be precisely determined, as do the potential health effects of
recreational cannabis use (Mattick, 2016). The brain develops
a tolerance to cannabinoids, and long-term studies with
cannabinoids need to answer the question whether pain can
be constantly controlled with these drugs, or whether tolerance
and a hyperalgesic response can occur. However, at present
there are few well-designed clinical trials and observational
studies for long-term medicinal cannabis use that have examined
tolerability and safety (mostly in MS patients and in use of oral
cannabinoids).

One controlled (open-label) study has evaluated the safety
and tolerability of cannabis (a standardized botanical cannabis
product that contains 12.5% tetrahydrocannabinol) used for
1 year in 215 patients (from seven clinics across Canada) with
chronic non-cancer pain (Ware et al., 2015). There was a higher
rate of adverse events (mostly mild to moderate with respect to
the nervous system and psychiatric disorders) among cannabis
users when compared to controls, but not for serious adverse
events at an average dose of 2.5 g botanical cannabis per day. The
conclusion of the authors of this study is that cannabis is tolerated
well and relatively safe when used long-term. The beneficial effect
persists over time, indicating that cannabis use for over 1 year
does not induce analgesic tolerance.

The effectiveness and long-term safety of cannabinoid
capsules (2.5 mg dronabinol vs. cannabis extract containing
2.5 mg THC, 1.25 mg CBD vs. placebo) in MS (630 patient) was
studied in a 1-year randomized, double-blind, placebo-controlled
trial follow-up of a randomized parent study (Zajicek et al., 2005).
The number of patients who withdrew due to side effects was
similar between groups. Also, serious side effects were similar in
the placebo and active groups and were related to the medical
condition. Generally, there were no safety concerns reported in
this study.

The safety and tolerability of nabiximols long-term use in
different conditions (cancer pain, spasticity and neuropathic pain
in MS patients) has been studied in a series of trials of up to
2 years duration (Wade et al., 2006; Rog et al., 2007; Johnson
et al., 2013; Serpell et al., 2013). All were uncontrolled, open-
label extension trials. Adverse events and serious adverse events
were cannabinoid-related with no safety concerns reported. Also,
there was no evidence for a loss of effect in the relief of pain with
long-term use.

Taking into account all long-term safety studies, cannabis
appears to be better tolerated than oral cannabinoids (Romero-
Sandoval et al., 2017). This interpretation is based on a single
study with cannabis (Ware et al., 2015) and should therefore be
taken with caution.

Long-term adverse effects of medical cannabis are difficult
to evaluate. They mainly come from studies with recreational
cannabis use (Mattick, 2016). However, there are many
differences between medical cannabis and recreational cannabis
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Vučković et al. Cannabis/Cannabinoids and Pain

users as regards the amounts used, the existence of comorbidities,
the mode of drug delivery (Wang et al., 2008), etc. Thus, the
adverse effects of recreational cannabis use cannot be directly
extrapolated to medical cannabis use. The safety of medical
and recreational cannabis should be evaluated separately. There
is evidence that long-term cannabis use is associated with an
increased risk of addiction, cognitive impairment, altered brain
development and an increased risk of mental disorders (anxiety,
depression, and psychotic illness) with adolescent use, and
adverse physical health effects such as cardiovascular disease,
chronic obstructive pulmonary disease and lung cancer (Volkow
et al., 2014; Mattick, 2016). It is well established and documented
that CBD may lower the risk for developing psychotic illness that
is related to cannabis use (Iseger and Bossong, 2015).

Cannabis-use disorders (CUD) are defined in the Diagnostic
and Statistical Manual of Mental Disorders (Hasin et al., 2013)
and in the International Statistical Classification of Diseases
and Related Health Problems (ICD-11). It was estimated that
9% of those who use cannabis develop CUD (Budney et al.,
2007). Risk factors (e.g., cannabis use at an earlier age, frequent
use, combined use of abused drugs) for the progression of
cannabis use to problem cannabis use (CUD, dependence,
and abuse) (NASEM, 2017; Hasin, 2018) are more common
among recreative than among medical cannabis users. CUD
are associated with psychiatric comorbidities. About one half of
patients treated for CUD develop withdrawal symptoms such
as dysphoria (anxiety, irritability, depression, and restlessness),
insomnia, hot flashes and rarely gastrointestinal symptoms.
These symptoms are mild when compared with withdrawal
symptoms associated with opioid use. Most of the symptoms
appear during the 1st week of cannabis withdrawal and resolve
after a few weeks (Gordon et al., 2013; Volkow et al., 2014).

A number of studies have yielded conflicting evidence
regarding the risks of various cancers associated with cannabis
smoking (Health Canada, 2013). Recently, NASEM (2017) has
stated, with a moderate level of evidence, that there is no
statistical association between cannabis smoking and lung cancer
incidence.

Before grant approval, drug agencies need to be sure that
the benefits of medicine outweigh the risks. As the benefits
and risks of medical cannabis have not been thoroughly
examined, individual products containing cannabinoids have
not been approved for the treatment of pain (Ko et al.,
2016). Nonetheless, a number of chronic-pain patients use
cannabis/cannabinoids for pain relief. Some replaced partially
or completely the use of opioids with cannabis/cannabinoids
(Boehnke et al., 2016; Lucas and Walsh, 2017; Lucas, 2017;
Piper et al., 2017), and others continued to use prescription
opioids. Observational studies have found that state legalization
of cannabis is associated with a decrease in opioid addiction
and opioid-related over-dose deaths (Hayes and Brown, 2014;
Powell et al., 2018). Previous studies suggested that the analgesic
effects of cannabis are comparable to those of traditional
pain medications (Wilsey et al., 2013). However, data on the
comparative efficacy and safety of cannabis/cannabinoids versus
existing pain treatments, including opioids, are missing. Also,
more studies are needed on potentially beneficial or problematic

combinations of cannabis/cannabinoids and available analgesics.
Further research is expected to provide an answer to the question
whether cannabis/cannabinoids can be an effective and safe
substitute for opioid therapy in the treatment of chronic pain
(Nielsen et al., 2017). New high-quality, long-term exposure
trials are required to determine the efficacy and safety of long-
term use of medicinal cannabis in the treatment of pain (Hill
et al., 2017; Piomelli et al., 2017; Romero-Sandoval et al.,
2017). The design of trials should be improved to ensure that
they are blinded, placebo-controlled with active comparator,
with consistency of pain diagnosis, long-enough duration of
treatment, evaluation of the dose-response, homogeneity of
the patient population and inclusion of quality of life as an
outcome measure (Ko et al., 2016; NASEM, 2017; Piomelli et al.,
2017).

Current research evidence supports the use of medical
cannabis in the management of chronic pain in adults (NASEM,
2017). As its use in the treatment of chronic pain increases,
additional research to support or refute the current evidence
base is crucial to provide answers to questions concerning the
risk-benefit ratio for medical cannabis use in pain treatment.
The implementation of monitoring programs is mandatory and
provides an opportunity to accumulate data on the safety and
effectiveness of long-term use of medical cannabis in the real
world (Hill et al., 2017; Romero-Sandoval et al., 2017). This is
important for evidence-based policy making and implementation
(Nosyk and Wood, 2012).

SUMMARY

The key findings are summarized below:
Cannabinoids and cannabis are old drugs but now they are a

promising new therapeutic strategy for pain treatment.
Cannabinoids (plant-derived, synthetic) themselves or

endocannabinoid-directed therapeutic strategies have been
shown to be effective in different animal models of pain (acute
nociceptive, neuropathic, inflammatory). However, medical
cannabis is not equally effective against all types of pain in
humans.

A recent meta-analysis of clinical trials of medical cannabis
for chronic pain found substantial evidence encouraging its use
in pharmacotherapy of chronic pain. Also, it was shown that
medical cannabis may only moderately reduce chronic pain,
similar all other currently available analgesic drugs. However,
controlled comparative studies on the efficacy and safety of
cannabis/cannabinoids and other analgesics, including opioids,
are missing.

Inhaled (smoked or vaporized) cannabis is constantly effective
in reducing neuropathic pain and this effect is dose-related
and can be achieved with a concentration of cannabis THC
lower than 10%. Compared to oral cannabinoids, the effect
of inhaled cannabis is more rapid, predictable and can be
titrated. Compared to inhaled cannabis, the effectiveness of oral
cannabinoids in reducing the sensory component of neuropathic
pain seems to be less convincing and oral cannabinoids in general
may be less tolerable. However, data suggest that they may
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improve secondary measures such as sleep, quality of life and
patient satisfaction.

There are no controlled clinical trials on the use of inhaled
cannabis for the treatment of cancer or rheumatic (osteoarthritis,
rheumatoid arthritis, and fibromyalgia) pain.

Whether oral cannabinoids reduce the intensity of chronic
cancer pain is not completely clear. Recent long-term studies of
nabiximols are not encouraging.

Sparse literature data show that oral cannabinoids have
inadequate efficacy in rheumatological pain conditions. Also,
oral cannabinoids do not reduce acute postoperative or chronic
abdominal pain.

In general, the efficacy of medical cannabis in pain treatment
is not completely clear due to several limitations. Clinical trials
are scarce and most were of short duration, with relatively
small sample sizes, heterogeneous patient populations, different
types of cannabinoids, a range of dosages, variability in the
assessment of domains of pain (sensory, affective) and modest
effect sizes. Therefore, further larger studies examining specific
cannabinoids and strains of cannabis, using improved and
objective pain measurements, appropriate dosages and duration
of treatment in homogeneous patient populations need to be
carried out.

The current review of evidence from clinical trials of medicinal
cannabis suggests that the adverse effects of its short-term
use are modest, most of them are not serious and are self-
limiting.

Long-term safety assessment of medicinal cannabis is based
on scant clinical trials, so the evidence is limited, and the
safety interpretation should be taken cautiously. More research is
needed to evaluate the adverse effects of long-term use of medical
cannabis.

In view of the limited effect size and the low but not
unimportant risk of serious, adverse events, a more precise
determination of the risk-to-benefit ratio for medicinal cannabis
in pain treatment is needed to help establishing evidence-based
policy implementation.

Current evidence supports the use of medical cannabis in the
treatment of chronic pain in adults. Monitoring and follow-up of
patients is obligatory.
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Background: Inflammatory pain is the most commonly treated clinical pain, since it
develops following trauma or surgery, and accompanies rheumatic or arthritic diseases.
Tramadol is one of the most frequently used opioid analgesics in acute and chronic pain
of different origin. Magnesium is a widely used dietary supplement that was recently
shown to be a safe analgesic drug in different models of inflammatory pain.

Aim: This study aimed to evaluate the effects of systemically or locally injected tramadol
with/without systemically injected magnesium sulfate in prophylactic or therapeutic
protocols of application in a rat model of somatic inflammation.

Methods: Inflammation of the rat hind paw was induced by an intraplantar
injection of carrageenan (0.1 ml, 0.5%). The antihyperalgesic/antiedematous effects of
tramadol (intraperitoneally or intraplantarly injected), and tramadol-magnesium sulfate
(subcutaneously injected) combinations were assessed by measuring the changes in
paw withdrawal thresholds or paw volume induced by carrageenan. The drugs were
administered before or after inflammation induction.

Results: Systemically administered tramadol (1.25–10 mg/kg) before or after induction
of inflammation reduced mechanical hyperalgesia and edema with a maximal
antihyperalgesic/antiedematous effect of about 40–100%. Locally applied tramadol
(0.125 mg/paw) better reduced edema (50–100%) than pain (20–50%) during 24 h.
Administration of a fixed dose of tramadol (1.25 mg/kg) with different doses of
magnesium led to a dose-dependent enhancement and prolongation of the analgesic
effect of tramadol both in prevention and treatment of inflammatory pain. Magnesium
increases the antiedematous effect of tramadol in the prevention of inflammatory edema
while reducing it in treatment.

Conclusion: According to results obtained in this animal model, systemic administration
of low doses of tramadol and magnesium sulfate given in combination is a potent,
effective and relatively safe therapeutic option for prevention and especially therapy of
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somatic inflammatory pain. The best result is achieved when tramadol is combined with
magnesium sulfate at a dose that is equivalent to the average human recommended
daily dose and when the drugs are administered when inflammation is maximally
developed.

Keywords: tramadol, magnesium sulfate, preemptive therapy, emptive therapy, drug interaction, antihyperalgesic
effect

INTRODUCTION

Inflammatory pain and edema can be caused by different
clinical conditions in which inflammation is triggered by tissue
injury, heat, an inadequate immune response and infection.
Inflammatory pain that is very intense and/or long-lasting
can lead to the development of chronic pain. In Europe,
about 20% of the adult population has moderate to severe
non-cancer chronic pain in the course of 1 month (Reid
et al., 2011). Conditions following inflammatory pain can be
difficult to treat using a one-drug therapy, since this pain
includes various mechanisms of nociceptive modulation and
transmission, and also inflammation can worse pain sensitivity
(Libby, 2007).

Non-steroidal anti-inflammatory drugs (NSAIDs), given by
oral or topical route, are the main and effective drugs for
therapy of inflammatory pain. However, their oral use is
limited by side effects and insufficient efficacy against severe
pain (Grosser et al., 2018). Opioid analgesics may be used
for severe inflammatory pain, however their use, especially
longer term, is limited due to increased risk of side effects,
tolerance, and dependence (Yaksh and Wallace, 2018). Thus,
there is a clinical need for a novel strategy to treat inflammatory
pain.

Tramadol is an atypical and centrally-acting opioid
analgesic. Its analgesic effect is achieved by week activation
of mu-opioid receptors, but also through inhibition of the
re-uptake of both serotonin and noradrenaline (Grond and
Sablotzki, 2004). Tramadol is effective in both acute and
chronic pain states; it relieves pain induced by trauma,
renal or biliary colic, and cancer-related pain. Compared to
strong opioids, tramadol has an upper limit of efficacy, but
also produces less respiratory depression, dependence and
constipation.

Magnesium is a trace element that acts as a cofactor of
enzymes, as a regulator of transmembrane ion fluxes by pumps,
carriers and channels, and as a regulator of neurotransmitter (e.g.,
acetylcholine, norepinephrine) release, participating in metabolic
processes, protein synthesis, vasodilatation and neuromuscular
excitability (Shimosawa et al., 2004; Guiet-Bara et al., 2007).
Our previous results showed that magnesium as a single
drug in a single dose of magnesium sulfate has analgesic
effect in somatic and visceral inflammatory pain (Srebro
et al., 2014a, Vuckovic et al., 2015; Srebro et al., 2018a).
The analgesic effect is produced after systemic, but not
after local peripheral administration (Srebro et al., 2014a).
Magnesium reduces inflammatory pain as both a prophylactic
and therapeutic drug (Srebro et al., 2014a). The analgesic effect

of magnesium in inflammatory pain is achieved by modulating
nitric oxide synthesis (Srebro et al., 2014a, Vuckovic et al., 2015;
Srebro et al., 2016a). In the general population, magnesium is a
widely used dietary supplement, and it could potentially interact
with other drugs, such as antibiotics (Adepoju-Bello et al.,
2008).

The objective of the present study was to investigate the
possible antihyperalgesic and antiedematous effect of tramadol
alone and in combination with magnesium sulfate after
systemic and local peripheral administration, in the prevention
and treatment of inflammatory pain and edema, using a
suitable animal model and different protocols for use of the
drugs.

MATERIALS AND METHODS

Animals
Adult male Wistar rats (220–260 g) were used in the
experiments. Animals were housed three per Plexiglas cage
(42.5 × 27 × 19 cm) under standard laboratory conditions of
temperature (22 ± 1◦C), relative humidity (60%), and a 12 h
light/dark cycle, with lights on at 08:00 h. Food and water were
freely available, except during the experimental procedures. The
animals were fed with standard rat pellets. Rats were habituated
to the laboratory environment for at least 2 h before the
experiments. All experimental groups were comprised of 6 rats.
The experiments were conducted by the same experimenter on
consecutive days to avoid diurnal variations in the behavioral
tests. Each animal was used only once, it received only one
dose of the tested drug and was killed at the end of the
experiments by an intraperitoneal injection of sodium thiopental
(200 mg/kg). The experiments were approved by the Local Ethical
Committee of the Medical University (permit No. 4946/2) and
the Ethical Council of the Ministry of Agriculture, Forestry
and Water Management, which are in compliance with the
European Community Council Directive of November 24th,
1986 (86/609/EEC) and the International Association for the
Study of Pain (IASP) Guidelines for the Use of Animals in
Research.

Administration of Drugs
Magnesium sulfate (Magnesio Solfato; S.A.L.F. Spa-Cenate Sotto,
Bergamo, Italy), tramadol hydrochloride (Trodon, solution for
injection, Hemofarm AD, Vršac, Serbia) and λ-carrageenan
(Sigma-Aldrich, St. Louis, MO, United States) were dissolved in
0.9% NaCl and injected subcutaneously (s.c.) or intraperitoneally
(i.p.) at a final volume of 2 ml/kg, and intraplantarly (i.pl.) at
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a final volume of 0.1 ml per paw. To test whether the 0.9%
NaCl injection had any effect on the nociception, the same
volume of 0.9% NaCl was administered to a control group of
rats.

Carrageenan Model of Acute Local
Inflammation
The i.pl. injection of 100 µl 0.5% λ-carrageenan in the right hind
paw was used to induce unilateral hind paw inflammation in the
rat (Srebro et al., 2014a). The injection of carrageenan produces
more persistent pain/hyperalgesia and edema which the animals
cannot control. These tests evaluate both peripheral (nociceptive
afferent fibers) and central mechanisms and both neurogenic
and non-neurogenic inflammatory responses of hyperalgesia and
edema.

Measurement of the Hyperalgesia by von
Frey’s Electronic Pressure-Meter Test
The carrageenan-induced pain test assesses the spinal response
to pain by measuring the paw withdrawal reflex threshold
following exposure to a mechanical stimulus. We conducted
the test as previously described in detail (Srebro et al.,
2014a,b). In brief, the von Frey filament was applied to the
plantar surface of the tested paw until the paw withdrawal
threshold occurred. The intensity of the stimulus (in grams)
was automatically record and displayed on the von Frey
apparatus (electronic von Frey Anesthesiometer, Model 2390,
IITC Life Science, Woodland Hills, CA, United States).
Measurements were performed four times in each rat, and
the average of the middle three values calculated. The hind
paw withdrawal threshold to mechanical stimuli was measured
at 0, 1, 2, 3, 4, 5, 6, and 24 h after an i.pl. injection of
carrageenan. Animals displaying a baseline paw withdrawal
threshold of more than 65 g were excluded from the
study.

Measurement of the Edema by
Plethysmometer Test
The carrageenan-induced inflammatory edema on the rat hind
paw was measured by immersing the paw up to tibiotarsal
joint in the cylinder of the apparatus (Plethysmometer,
Model Almemo 2390-5, IITC Life Science, Woodland
Hills, CA, United States), as we previously described in
detail (Srebro et al., 2018b). The paw volume (in ml) was
measured after measurements of hyperalgesia test in each time
points.

Data Analysis
The intensity of the hyperalgesia/edema was quantified
as the difference in pressures [d (g)] applied/difference
in paw volume [d (ml)] before and after injection of
carrageenan (control d), or before and after injection of
carrageenan plus the drugs (test d) (Srebro et al., 2014a,b,
2018b).

Agents capable of reducing the d(g) were recognized as
possessing antihyperalgesic activity. The analgesic activity (AA

%) for each rat was calculated according to the formula (Srebro
et al., 2014a,b):

%AA = [(control group average d(g)− test group average d(g)

of each rat)/(control group average d(g))] × 100.

A reducing of the difference in volume (dv) was designated
as antiedematous activity (AE%) and was calculated for each
rat in one group using the following formula (Srebro et al.,
2018b):

%AE = [(the average dv in the control group − the average

dv observed in each rat in the tested group)/

the average dv in the control group)] × 100.

The time-course of the antihyperalgesic/antiedematous
responses to the individual drugs and their combinations were
defined as the first and last time points, when a statistically
significant difference in the paw withdrawal threshold/paw
volume between the treated and control groups exists.

Study Design
The tested drugs were evaluated after systemic and local
peripheral administrations in prophylactic and therapeutic
protocols of use (Table 1).

Three distinct schemes of prophylactic treatment of tramadol
were used in the carrageenan model of inflammatory pain/edema.
In the first scheme, tramadol (1.25, 5, and 10 mg/kg) was
administered systemically (i.p.) 10 min before carrageenan,
and in the second scheme, tramadol (0.125 mg/paw) was
coadministered locally (i.pl.) with carrageenan. To exclude
systemic effects, the same dose of tramadol was administered
to the contralateral paw. In the third scheme, the prophylactic
treatment of systemically administered tramadol was modulated
with magnesium sulfate (5 and 30 mg/kg), which was
administered s.c. 5 min after tramadol. For magnesium, different
doses were tested; the doses were chosen according to previous
dose-dependent studies performed in our laboratory (Srebro
et al., 2014a).

Two distinct schemes of therapeutic treatment of
tramadol were used in carrageenan model of inflammatory
pain/edema. In the first scheme, tramadol (1.25 mg/kg) was
administered systemically (i.p.) 2 h after carrageenan, and in
the second scheme, the therapeutic treatment of systemically
administered tramadol was modulated with magnesium sulfate
(5 and 30 mg/kg), which was administered s.c. 5 min after
tramadol.

Statistical Analysis
Data are expressed as mean differences in pressure d (g)/volume
d (ml) ± standard errors of the mean (SEM) obtained in six
rats. Statistical comparisons were made by two-way analysis
of variance (ANOVA) with repeated measures, followed by
Tukey’s HSD post hoc test. Student’s t-test was used for
independent samples. p < 0.05 was considered as statistically
significant.
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TABLE 1 | Experimental protocol.

Time −10 min −5 min 0 min 1 h 1 h 55 min 2 h 3–6 h 24 h

Predrug
measurments

Inj. Inj. Inj. Postdrug
measurments

Inj. Inj. Postdrug
measurments

NaCl i.p. NaCl i.pl.

NaCl i.p. Carr i.pl.

T i.p. Carr i.pl.

Carr i.pl. NaCl i.p.

Carr i.pl. T i.p.

NaCl CL +Carr i.pl.

NaCl T CL +Carr i.pl.

T IL +Carr i.pl.

NaCl s.c. Carr i.pl.

Mg s.c. Carr i.pl.

Carr i.pl. NaCl s.c.

Carr i.pl. Mg s.c.

NaCl i.p. NaCl s.c. Carr i.pl.

T i.p. Mg s.c. Carr i.pl.

Carr i.pl. NaCl i.p. NaCl s.c.

Carr i.pl. T i.p. Mg s.c.

The effects of tramadol, magnesium sulfate, and combinations of tramadol and magnesium sulfate on paw withdrawal threshold and paw volume in rats were evaluated.
The control animals received the corresponding injections of 0.9% NaCl (NaCl) instead of test compounds. i.p., intraperitoneal; s.c., subcutaneous; i.pl., intraplantar; inj.,
injection; IL, ipsilateral; CL, contralateral; Carr, carrageenan; Mg, magnesium sulfate; T, tramadol.

RESULTS

Prophylactic Effect of Systemic Tramadol
on Inflammatory Pain and Edema in Rats
I.p. administration of tramadol (1.25, 2.5, or 10 mg/kg) before
carrageenan-induced inflammation produced a statistically
significant reduction of edema and hyperalgesia (F = 5.0; df = 3;
p = 0.01) to mechanical stimuli. Repeated ANOVA revealed
a statistically significant change of the analgesic (F = 4.38;

df = 13.8; p = 0.000) and antiedematous effect (F = 58.64;
df = 15.73; p = 0.000) with time. The maximal antihyperalgesic
effect was about 68.8 ± 14–100% and developed during1 h
after inflammation induction (Figure 1). The antihyperalgesic
effect lasted up to 24 h. The maximal antiedematous effect
was about 41.7 ± 12–100% and developed during 1 h after
inflammation induction (Figure 2). The average differences
in the paw withdrawal threshold and paw volume were
decreased throughout the experiment in the different tramadol

FIGURE 1 | The prophylactic effect of systemic tramadol on carrageenan -induced mechanical hyperalgesia. The abscissa presents the time after the injection of
carrageenan. The ordinate presents the difference in pressures (g) applied to the plantar surface of the paw before and after injection of drugs. Significance:
∗p < 0.05 and ∗∗p < 0.01 by comparison with the curve for saline. Significance: +p < 0.05 ++p < 0.01 between tramadol 2.5 and tramadol 1.25 or 10. Carr,
carrageenan.
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FIGURE 2 | The prophylactic effect of systemic tramadol on carrageenan -induced inflammatory edema. The abscissa presents the time after the injection of
carrageenan. The ordinate presents the difference in volume (ml) before and after injection of drugs. Significance: ∗p < 0.05 and ∗∗p < 0.01 by comparison with the
curve for saline. Significance: +p < 0.05 and ++p < 0.01 between tramadol 2.5 and tramadol 1.25 with tramadol 10. Carr, carrageenan.

groups. However, with the exception of the some time
points, tramadol did not produce a statistically significant
dose-dependent antihyperalgesic and antiedematous effects.
There were no significant differences in the baseline paw
withdrawal threshold and paw volume between the groups tested
(not shown).

Therapeutic Effect of Systemic Tramadol
on Inflammatory Pain and Edema in Rats
At the time when carrageenan-induced inflammation was
maximally developed, i.p. administration of tramadol
(1.25 mg/kg) produced a statistically significant reduction
of the hyperalgesia to mechanical stimuli (F = 14.6; df = 1;
p = 0.003) during the tested time (F = 4.86; df = 3; p = 0.007)
(Figure 3). The maximal effect of about 51.8± 15% was observed
at the 3 and 4 h time points. Under same conditions, tramadol
significantly reduced the edema (F = 58; df = 1; p = 0.000) during
the tested time (F = 8.06; df = 4; p = 0.003) (Figure 4). The
antiedematous effect was 42.1± 6.9%, 49.4± 7.6%, 43.8± 8.8%,
51.4 ± 4.5%, and 58.8 ± 10.6% at the 3, 4, 5, 6, and 24 h time
points, respectively. There were no significant differences in the
baseline paw withdrawal threshold/paw volume between the
groups tested (not shown).

Prophylactic Effect of Local Peripheral
Tramadol on Inflammatory Pain/Edema
in Rats
I.pl. administration of tramadol (0.125 mg/paw) with
carrageenan produced a statistically significant reduction
of the development of mechanical hyperalgesia from about
20± 4.4% to 70.3± 11.3% (F = 6.44; df = 1; p = 0.03) (Figure 5).
This effect began at 2 h after administration and lasted up to 24 h,
when it was maximally developed (F = 6.25; df = 3.4; p = 0.001).

FIGURE 3 | The therapeutic effect of systemic tramadol on carrageenan –
induced mechanical hyperalgesia. The abscissa presents the time after the
injection of carrageenan. The ordinate presents the difference in pressures (g)
applied to the plantar surface of the paw before and after injection of drugs.
Significance: ∗∗p < 0.01 by comparison with the curve for saline. Carr,
carrageenan.

Also, at the local peripheral site tramadol produced a significant
(p < 0.05) reduction of the development of edema from about
55.5 ± 11.2–100% (Figure 6). This effect began at 1 h after
administration and lasted up to 24 h, and maximally developed
at the 1 h after administration when completely abolished
pain. The same dose of tramadol injected into the contralateral
(non-inflamed) paw had no influence on carrageenan-induced
hyperalgesia/edema (not shown).

Frontiers in Pharmacology | www.frontiersin.org 5 November 2018 | Volume 9 | Article 1326155

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01326 November 14, 2018 Time: 16:43 # 6

Srebro et al. Tramadol-Magnesium Interaction Reduced Inflammatory Pain

FIGURE 4 | The therapeutic effect of systemic tramadol on carrageenan –
induced inflammatory edema. The abscissa presents the time after the
injection of carrageenan. The ordinate presents the difference in volume (ml)
before and after injection of drugs. Significance: ∗∗p < 0.01 by comparison
with the curve for saline. Carr, carrageenan.

FIGURE 5 | The prophylactic effect of local peripheral tramadol on
carrageenan – induced mechanical hyperalgesia. The abscissa presents the
time after the injection of carrageenan. The ordinate presents the difference in
pressures (g) applied to the plantar surface of the paw before and after
injection of drugs. Significance: ∗p < 0.05 by comparison with the curve for
saline. Carr, carrageenan.

Influence of
Tramadol-Magnesium-Sulfate
Administration on Mechanical
Hyperalgesia/Edema
Tramadol (1.25 mg/kg, i.p.) was combined with different
doses of magnesium sulfate (5 and 30 mg/kg, s.c.) and tested
under both prophylactic and therapeutic protocols of use
(Figures 7–10). Compared with saline, all groups treated
with the tramadol-magnesium combination, or with tramadol

or magnesium alone, produced a statistically significant
analgesic/antiedematous effect in the carrageenan-induced
inflammation test, which significantly changed in time. There
were no statistically significant differences among the groups
at baseline assessment of the paw withdrawal threshold/paw
volume.

Prophylactic Use of the
Tramadol-Magnesium-Sulfate
Combination in Rats With Inflammatory
Pain and Edema
When magnesium sulfate at doses of 5 or 30 mg/kg were
added to tramadol (1.25 mg/kg) before carrageenan-induced
inflammation, the antihyperalgesic effect of tramadol was
reduced by 50.1 and 39.5% at the 1 and 2 h time points,
respectively (Figure 7). This effect was statistically significant
(F = 6.05; df = 3; p = 0.004) only with the high dose of
magnesium sulfate (30 mg/kg) (Figure 7). After this time point,
magnesium sulfate at a dose of 30 mg/kg significantly (F = 8.14;
df = 12.8; p = 0.000) prolonged the antihyperalgesic effect of
tramadol at the 3, 5, and 6 h time points. Although magnesium
at 30 mg/kg did not produce a statistically significant increase
of the analgesic effect of tramadol, the average difference in
the paw withdrawal threshold was decreased in comparison
with other groups. The analgesic effects of the combination of
tramadol and 30 mg/kg magnesium sulfate were 52.5 ± 11.6%,
20.8 ± 8.2%, and 22.7 ± 6.3% at the 3, 4, and 6 h time points,
respectively. Tramadol alone at a dose of 1.25 mg/kg reduced
carrageenan-induced mechanical hyperalgesia by about 100%,
and by 56.3 ± 10.2% at the 1 and 2 h time points, respectively,
magnesium at a dose of 5 mg/kg reduced mechanical hyperalgesia
by about 65% at the 1 h time point, and by 53% at the 2 and 3 h
time points, and magnesium at a dose of 30 mg/kg lowered the
hyperalgesia by about 45% at the1 and 2 h time points.

When magnesium sulfate at doses of 5 or 30 mg/kg were
added to tramadol (1.25 mg/kg) before carrageenan-induced
inflammation, the antiedematous effect of tramadol was
significantly increased at the 3, 4, 5, 6, and 24 h time points
(Figure 8). Only in the 1 h time point magnesium sulfate at
dose of 5 mg/kg abolished the antiedematous effect of tramadol.
After this time point magnesium sulfate (5 mg/kg) significantly
(F = 12.86; df = 3; p = 0.000) increased the antiedematous effect
of tramadol during the time (F = 35.0; df = 4.16; p = 0.000).
The antiedematous effects of the combination of tramadol and
5 mg/kg magnesium sulfate were 38.6 ± 6.2%, 34 ± 4.8%,
41.8 ± 4.8, 52.1 ± 2.5, and 75.5 ± 8.8% at the 3, 4, 5, 6, and
24 h time points (Figure 8). Magnesium sulfate at dose of
30 mg/kg significantly increased (F = 9.35; df = 3; p = 0.000) the
antiedematous effect of tramadol during the time (F = 32.47;
df = 4.36; p = 0.000) (Figure 8). The antiedematous effects of the
combination of tramadol and 30 mg/kg magnesium sulfate were
41.4 ± 6.8%, 49.4 ± 4.6%, 41.0 ± 4.1%, and 71.6 ± 6.9% at the
3, 4, 6, and 24 h time points, respectively. Given alone, tramadol
(1.25 mg/kg) or magnesium sulfate (5 or 30 mg/kg) reduced
carrageenan-induced edema by about 14–20% and 20–40%,
between the 3 and 6 h time points, respectively.
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FIGURE 6 | The prophylactic effect of local peripheral tramadol on
carrageenan -induced edema. The abscissa presents the time after the
injection of carrageenan. The ordinate presents the difference in paw volume
(ml) before and after injection of drugs. Significance: ∗p < 0.05 and
∗∗p < 0.01 by comparison with the curve for saline. Carr, carrageenan.

Therapeutic Use of the
Tramadol-Magnesium-Sulfate
Combination in Rats With Inflammatory
Pain/Edema
When magnesium was provided with tramadol (1.25 mg/kg) at
the 2 h time point when the inflammatory pain was maximally
developed, at doses of 5 or 30 mg/kg magnesium sulfate used
in combination produced a statistically significant (F = 7.23;
df = 3; p = 0.002 and F = 10; df = 3; p = 0.000, respectively)
reduction in hyperalgesia to mechanical stimuli (Figure 9) at 3,
4, and 5 h time points. Only at dose of 30 mg/kg magnesium
significantly (F = 3.81; df = 10.8; p = 0.000) prolonged the
analgesic effect of tramadol (Figure 9). Both doses of magnesium
sulfate (5 or 30 mg/kg) enhanced antihyperalgesic effect of
tramadol for about 20% at the 4 and 5 h time points, respectively.
The antihyperalgesic effect of the combination of tramadol and
30 mg/kg magnesium sulfate lasted 3 h and was 74.2 ± 6.7%,
70.5 ± 5.2%, and 49.0 ± 8.1% at the 3, 4, and 5 h time points,
respectively (Figure 9). Tramadol alone reduced pain by about
25–51% at the 3 and 4 h time points, and by about 20% at
the 5 and 6 h time points, and magnesium reduced pain by
about 25–35% from the 3 to the 6 h time points. There were no
statistically significant differences among the groups at baseline
assessment of the paw withdrawal threshold.

Administration of tramadol (1.25 mg/kg) and magnesium
sulfate (5 and 30 mg/kg) when the inflammatory edema was
maximally developed resulted that magnesium sulfate at dose
of 5 mg/kg abolished the antiedematous effect of tramadol
(F = 15.53; df = 3; p = 0.000) and the dose of 30 mg/kg of
magnesium sulfate significantly decreased (F = 23.0; df = 3;
p = 0.000) the antiedematous effect of tramadol during the
tested time (F = 23.05; df = 2.73; p = 0.000) (Figure 10).
Given alone, tramadol (1.25 mg/kg) or magnesium sulfate

(5 or 30 mg/kg) reduced carrageenan-induced edema by about
14–40%.

DISCUSSION

This study for the first time shows that: (i) tramadol systemically
applied has both prophylactic and therapeutic analgesic effects
in inflammatory pain and edema; (ii) magnesium sulfate
enhances and prolongs the analgesic effect of tramadol in
inflammatory pain; (iii) a better analgesic effect is produced
by the combination of tramadol and magnesium sulfate at the
dose at which magnesium alone has a weak analgesic effect, (iv)
the combination of tramadol and magnesium sulfate is better
for treatment than for prevention of inflammatory pain; and
(v) magnesium sulfate enhances the antiedematous effect of
tramadol in prevention of inflammatory edema; while reduced it
effect in treatment of inflammatory edema.

These findings are important because they clarify the protocol
at which dose and combination of tramadol and magnesium
sulfate can be used to treat inflammatory pain and edema.
Since inflammatory pain develops after trauma, surgery and
rheumatic or arthritic diseases, this pain is the most commonly
treated clinical pain. Our results are in agreement with other
studies showing that both tramadol (Garlicki et al., 2006;
Pecikoza et al., 2017) and magnesium sulfate (Srebro et al.,
2014a, Vuckovic et al., 2015; Srebro et al., 2018a) have an
analgesic effect in inflammation. Alexa et al. (2015) showed that
magnesium enhanced the analgesic effect of tramadol in thermal
nociceptive tests without inflammation or neuropathy. We used
the carrageenan-induced mechanical inflammatory hyperalgesia
test since this model has a high predictive value in studies
of analgesics in inflammation, and because it mimics the time
course of relief of postoperative pain and other different types of
persistent injury.

In the current study, we showed that the combination
of tramadol and magnesium sulfate (30 mg/kg b.w.) that
corresponds to the average recommended daily dose in humans
(250–350 mg; Srebro et al., 2017) produces an improved
antihyperalgesic effect. When used as a sole analgesic for
inflammatory pain, magnesium is very effective even in smaller
doses (Srebro et al., 2014a), although the highest analgesic
doses of magnesium do not disturb motor coordination
(Vuckovic et al., 2015). During the inflammation, beside the
pain, magnesium as a sole drug may be effective for reducing
inflammatory edema (our unpublished results). Since both
tramadol and magnesium are possible central nervous system
depressants, it is important to note that the analgesic dose of
tramadol (1.25 mg/kg) (Pecikoza et al., 2017) and magnesium
sulfate (30 mg/kg) (Vuckovic et al., 2015) used in the present
study do not alter motor coordination. Previously, we showed
that the doses of magnesium sulfate used herein did not change
the serum concentration of magnesium above the referent range
(Srebro et al., 2018a), and they did not result in an increase
in plasma magnesium concentration above the toxic 3 mM
concentration (Felsby et al., 1996). Also, as hypomagnesaemia
is associated with the onset of inflammation or can worsen it,
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FIGURE 7 | The prophylactic effect of tramadol (1.25 mg/kg) – magnesium sulfate (5 or 30 mg/kg) interaction on carrageenan – induced mechanical hyperalgesia.
The abscissa presents the time after the injection of carrageenan. The ordinate presents the difference in pressures (g) applied to the plantar surface of the paw
before and after injection of drugs. Significance: ∗p < 0.05 and ∗∗p < 0.01 by comparison with the curve for saline. Significance: between magnesium 30 + tramadol
1.25 and tramadol 1.25 (+p < 0.05 and ++p < 0.01). Carr, carrageenan; T 1.25, tramadol 1.25 mg/kg; MS 5, magnesium sulfate 5 mg/kg; MS 30, magnesium
sulfate 30 mg/kg.

FIGURE 8 | The prophylactic effect of tramadol (1.25 mg/kg) – magnesium
sulfate (5 or 30 mg/kg) interaction on carrageenan – induced edema. The
abscissa presents the time after the injection of carrageenan. The ordinate
presents the difference in paw volume (ml) before and after injection of drugs.
Significance: ∗p < 0.05 and ∗∗p < 0.01 by comparison with the curve for
saline; +p < 0.05 and ++p < 0.01 by comparison with the curve for tramadol
1.25. Carr, carrageenan; T 1.25, tramadol 1.25 mg/kg; MS 5, magnesium
sulfate 5 mg/kg; MS 30, magnesium sulfate 30 mg/kg.

we previously showed that our experimental rats had a normal
basal blood magnesium concentration (Srebro et al., 2018a).

Magnesium sulfate at the dose of 30 mg/kg enhanced
and prolonged tramadol’s effect in the carrageenan-induced
mechanical hyperalgesia test, with an average increase of over
25% pain inhibition that was prolonged for 1 h in comparison
to tramadol alone, especially when applied at the time when

FIGURE 9 | The therapeutic effect of tramadol (1.25 mg/kg) – magnesium
sulfate (5 or 30 mg/kg) interaction on carrageenan- induced mechanical
hyperalgesia. The abscissa presents the time after the injection of
carrageenan. The ordinate presents the difference in pressures (g) applied to
the plantar surface of the paw before and after injection of drugs. Significance:
∗p < 0.05 and ∗∗p < 0.01 by comparison with the curve for saline.
Significance: +p < 0.05 and ++p < 0.01 between tramadol 1.25 and
magnesium 5 or 30 + tramadol 1.25. Carr, carrageenan, T 1.25, tramadol
1.25 mg/kg; MS 5, magnesium sulfate 5 mg/kg.

hyperalgesia was maximally developed. The increased effect
produced at the time when inflammation was maximally
developed, and when central sensitization occurred, as well as
the absence of a local peripheral analgesic effect of magnesium in
inflammatory pain (Srebro et al., 2014a) suggest that magnesium
enhanced the effect of tramadol within a spinal mechanism.
Magnesium chloride at a higher dose (150 mg/kg, i.p.) partially
decreased the analgesic effect of tramadol in the hot-plate test at
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FIGURE 10 | The therapeutic effect of tramadol (1.25 mg/kg) – magnesium
sulfate (5 or 30 mg/kg) interaction on carrageenan – induced edema. The
abscissa presents the time after the injection of carrageenan. The ordinate
presents the difference in paw volume (ml) before and after injection of drugs.
Significance: ∗p < 0.05 and ∗∗p < 0.01 by comparison with the curve for
saline; ++p < 0.01 by comparison with the curve for tramadol 1.25. Carr,
carrageenan; T 1.25, tramadol 1.25 mg/kg; MS 5, magnesium sulfate
5 mg/kg; MS 30, magnesium sulfate 30 mg/kg.

the first time point, but not in the tail flick test (Alexa et al., 2015).
In agreement with this, in the present study, magnesium sulfate
at the higher dose (30 mg/kg, s.c.) decreased the antihyperalgesic
effect of tramadol by about 40–50% at the 1 and 2 h time points.
A possible explanation for this is that magnesium, through
the activation of transient receptor potential vanilloid type 1
(TRPV1) channels (Srebro et al., 2015, Srebro et al., 2016b),
reduced the antihyperalgesic effect of tramadol that was effected
through peripheral activation of the mu-opioid receptor and
consequently, through mu-opioid receptor-specific inhibition of
the TRPV1 channels via G i/o proteins and the cAMP/PKA
pathway. Also, the analgesic effect of tramadol includes
the direct activation of the intracellular nitric oxide/cyclic
guanosine monophosphate pathway in primary nociceptive
neurons (Lamana et al., 2017), while magnesium, by activating
the same pathway in peripheral afferent neurons, could decrease
the effect of tramadol (Srebro et al., 2015). According to our
results, we suggest that in the primary afferent activation and
peripheral sensitization (the first phase of carrageenan-induced
hyperalgesiatest), magnesium reduced the analgesic effect of
tramadol, whereas in the late phase of the test and central
sensitization, magnesium enhanced the effect of tramadol.

In current study, we demonstrated that magnesium under
same conditions increased analgesic and antiedematous effects
of tramadol in prophylactic protocol of use, while in therapeutic
protocol of use magnesium increased analgesic and decreased
antiedematous effects of tramadol. This suggest that is: (i)
better to give tramadol with magnesium in prophylactic protocol
of use in inflammatory conditions, since that we have two
targets, both pain and edema; and that (ii) the same or
associated mechanism(s), at least in part, involved in the

analgesic and antiedematous effect of tramadol and magnesium
after preemptive administration. It is well known that in the
carrageenan model of inflammation are increased release of
cytokines and reactive oxygen species (Vazquez et al., 2015)
and that magnesium sulfate decreases the production of tumor
necrosis factor alpha (TNF-α) and interleukins 6 (IL6) in
postoperative serum (Aryana et al., 2014).

In our study, both opioid and non-opioid mechanisms of
action contributed to the antihyperalgesic effect of tramadol. It
is well known that opioids via activation of mu-opioid receptors
at central and peripheral sites (Hylden et al., 1991; Whiteside
et al., 2005) and serotonin/noradrenaline reuptake inhibitors
(Jones et al., 2006) can reduce carrageenan-induced hyperalgesia.
Therefore, the analgesic action of tramadol is contributions in
40% via opioid mechanism (Raffa et al., 1992; Frink et al.,
1996) and in 60% via activation of descending antinociceptive
systems and suppression of amine reuptake (Raffa et al., 1992;
Giusti et al., 1997). Activation of α2-adrenergic receptors has
been shown to inhibit nociceptive transmission in the spinal
cord through presynaptic activity, and to inhibit the release
of excitatory neurotransmitters from primary afferent terminals
and postsynaptic sites (Ossipov et al., 2010). An additional
non-opioid mechanism of the analgesic effect of tramadol is the
direct activation of the intracellular nitric oxide pathway in the
primary signaling nociceptive neurons (Lamana et al., 2017).

There are many possible mechanisms for the analgesic effect of
magnesium, such as: (1) Ca++ channel blocking, (2) decreasing
the effects of acetylcholine on muscle receptors and increasing
the threshold of axonal excitation (Dubé and Granry, 2003),
(3) antagonism of NMDA receptors, (4) activation of transient
receptor potential cation channel vanilloid type 1 (TRPV1),
vanilloid type 4 (TRPV4), ancyrin type 1 (TRPA1) proteins
(Srebro et al., 2016b), (5) NMDA-independent nitric oxide
modulation of the antihyperalgesic effects of magnesium sulfate
in inflammatory pain (Vuckovic et al., 2015; Srebro et al., 2014a,b,
2016a), (6) reducing inflammatory edema, and (7) an additional
antiinflammatory mechanism (Aryana et al., 2014). A meta-
analysis of randomized, controlled trials that included over 1,000
patients revealed that perioperative magnesium administration
reduced both pain and opioid consumption (De Oliveira et al.,
2013). Also, magnesium might be involved in the modulation
of opioid receptors; the opioid-independent mechanism of the
analgesic effect of magnesium is underscored (Murphy et al.,
2013).

Additional information regarding the interaction with
tramadol are that: (1) magnesium may have a permissive
effect on catecholamine actions and that it can also inhibit
norepinephrine release from nerve endings (Shimosawa et al.,
2004), (2) that both drugs could affect the NO system, with
magnesium increasing NO production (Srebro et al., 2014a) and
tramadol directly activating the intracellular nitric oxide/cyclic
guanosine monophosphate pathway in primary nociceptive
neurons (Lamana et al., 2017), and (3) it is possible that
magnesium potentiates the effect of tramadol in pain, since it has
been shown that another NMDA antagonist increased the effect
of tramadol in learning via activation of NO signaling pathway
in brain (Jafari-Sabet et al., 2018). The potentiating effect of trace
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elements as adjuvant analgesics at different concentrations on
an analgesic compound suggests that the analgesic effect is the
consequence of the synergistic interaction between magnesium
and tramadol.

This study has several limitations. Isobolographic analyses
to verify type of interaction between tramadol and magnesium
were not performed. The exact mechanisms through which
the coadministration of magnesium enhanced the effect of
tramadol have not been assessed. In addition, we did not perform
pharmacokinetic research of tramadol. These findings have a
potential impact on the results, and further research is required
to translate these findings into clinical practice.

CONCLUSION

The results obtained in the rat model of inflammatory
pain and edema indicates that the systemic administration
of tramadol with magnesium sulfate can prevent and treat
somatic pain and edema during inflammation. Interaction of
tramadol with magnesium is potent and effective. This is a
safe combination for preemptive, and in particular for an
emptive strategy to treat pain associated with inflammation.

The best result is achieved when tramadol is combined
with magnesium sulfate at a dose that is equivalent to
the average human recommended daily dose and when the
drugs are administered when inflammation is maximally
developed. This combination presents an improvement to
the current treatment of pain because the addition of an
inexpensive dietary supplement such as magnesium helps reduce
inflammatory pain and the dose of tramadol required to obtain
analgesia.
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Prostran, M. (2017). Magnesium in pain research: state of the art. Curr. Med.
Chem. 24, 424–434. doi: 10.2174/0929867323666161213101744
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Srebro, D. P., Vučković, S. M., Savić Vujović, K. R., and Prostran, M. Š
(2015). TRPA1, NMDA receptors and nitric oxide mediate mechanical
hyperalgesia induced by local injection of magnesium sulfate into the
rat hind paw. Physiol. Behav. 139, 267–273. doi: 10.1016/j.physbeh.2014.
11.042

Vazquez, E., Navarro, M., and Salazar, Y. (2015). Systemic changes following
carrageenan-induced paw inflammation in rats. Inflamm. Res. 64, 333–342.
doi: 10.1007/s00011-015-0814-0

Vuckovic, S., Srebro, D., Savic Vujovic, K., and Prostran, M. (2015). The
antinociceptive effects of magnesium sulfate and MK-801 in visceral
inflammatory pain model: the role of NO/cGMP/K+ ATP pathway. Pharm.
Biol. 53, 1621–1627. doi: 10.3109/13880209.2014.996821

Whiteside, G. T., Boulet, J. M., and Walker, K. (2005). The role of central and
peripheral mu opioid receptors in inflammatory pain and edema: a study
using morphine and DiPOA ([8-(3,3-diphenyl-propyl)-4-oxo-1-phenyl-1,3,8-
triaza-spiro[4.5]dec-3-yl]-aceticacid). J. Pharmacol. Exp. Ther. 314, 1234–1240.
doi: 10.1124/jpet.105.088351

Yaksh, T. L., and Wallace, M. (2018). “Opioids, analgesia, and pain management,”
in Goodman & Gilman’s the Pharmacological Basis of Therapeutics, 13th Edn,
eds L. L. Brunton, R. Hilal-Dandan, and B. C. Knollmann (New York, NY:
McGraw-Hill Medical Publishing Division), 355–386.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
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Chronic migraine (CM) is the most disabling form of migraine, because pharmacological
treatments have low efficacy and cumbersome side effects. New evidence has shown
that migraine is primarily a disorder of brain plasticity and migraine chronification
depends on a maladaptive process favoring the development of a brain state of
hyperexcitability. Due to the ability to induce plastic changes in the brain, researchers
started to look at Non-Invasive Brain Stimulation (NIBS) as a possible therapeutic option
in migraine field. On one side, NIBS techniques induce changes of neural plasticity
that outlast the period of the stimulation (a fundamental prerequisite of a prophylactic
migraine treatment, concurrently they allow targeting neurophysiological abnormalities
that contribute to the transition from episodic to CM. The action may thus influence
not only the cortex but also brainstem and diencephalic structures. Plus, NIBS is not
burdened by serious medication side effects and drug–drug interactions. Although the
majority of the studies reported somewhat beneficial effects in migraine patients, no
standard intervention has been defined. This may be due to methodological differences
regarding the used techniques (e.g., transcranial magnetic stimulation, transcranial
direct current stimulation), the brain regions chosen as targets, and the stimulation types
(e.g., the use of inhibitory and excitatory stimulations on the basis of opposite rationales),
and an intrinsic variability of stimulation effect. Hence, it is difficult to draw a conclusion
on the real effect of neuromodulation in migraine. In this article, we first will review
the definition and mechanisms of brain plasticity, some neurophysiological hallmarks
of migraine, and migraine chronification-related (dys)plasticity. Secondly, we will review
available results from therapeutic and physiological studies using neuromodulation in
CM. Lastly we will discuss the results obtained in these preventive trials in the light of a
possible effect on brain plasticity.
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INTRODUCTION

Chronic migraine (CM) (ICHD-III 1.3) (>15 days of headache
per months, with >8 with migraine features for at least 3 months)
affects about 2% of the general population and is the more
disabling form of migraine, with a disability greater than that of
episodic migraine (EM) (Dodick, 2006; Natoli et al., 2010).

Managing CM is extremely challenging for several reasons.
First, only a few drugs, as OnabotulinumtoxinA, Topiramate,
and Erenumab (the latter not available worldwide yet), have
a clear level of evidence of efficacy (Silberstein et al., 2007,
2009; Tepper et al., 2017) Other available pharmacological
options [as anticonvulsants (valproate), beta-blockers (atenolol
and propranol), calcium antagonists (cinnarizine or flunarizine),
anti-depressants (mostly tricyclic antidepressants)] or mini-
invasive procedures [anesthetic Greater Occipital Nerve (GON)
block], have in general a lower level of evidence (Saper et al.,
2002; Spira et al., 2003; Yurekli et al., 2008; Magalhães et al.,
2010; Sarchielli et al., 2014; Stovner et al., 2014; Inan et al., 2015;
Cuadrado et al., 2017).

On average, the efficacy of pharmacological treatments does
not exceed 50% of cases and the majority of these drugs are
often poorly tolerated for their adverse effects (Evers et al., 2009;
Blumenfeld et al., 2013). CM patients require more preventive
lines and they annually spend more than episodic migraineurs,
in medical expenses and loss of productivity (Blumenfeld et al.,
2011; Berra et al., 2015).

There is thus a need of new more effective and better
tolerated by patients pharmacological and non-pharmacological
therapeutic options. To date, available non-pharmacological
techniques include nutraceutical, ketogenic diet, cognitive-
behavioral therapy, neurofeedback, psychotherapy, and Non-
Invasive Brain Stimulation (NIBS). In particular, NIBS represents
a very promising strategy for CM, since CM depends on a
progressive maladaptation of the brain to sensory stimuli, and
then it is theoretically possible reverting maladaptive plasticity to
restore pre-chronicity status.

Non-Invasive Brain Stimulation techniques can act on neural
plasticity by modifying brain excitability for periods outlasting
the stimulation itself. This is a fundamental prerequisite of
any valuable prophylactic treatment in migraine. Moreover,
NIBS can directly aim at the migraine-related neurophysiological
abnormalities, so that interventions may be planned on a precise
pathophysiological rationale. Lastly, NIBS avoids cumbersome
medication-related side effects and drug-drug interactions that
limit the use of pharmacological therapies (Blumenfeld et al.,
2013; Ansari and Ziad, 2016).

Up to date, several NIBS interventions have been tried
with different results depending on different methodologies and
techniques (e.g., transcranial magnetic stimulation, transcranial
direct current stimulation), or protocols (as high-frequency and
low-frequency), brain regions chosen as targets (e.g., primary
vs. associative cortex), and stimulations types (e.g., the use of
inhibitory and excitatory stimulations on the basis of opposite
rationales). Aside to these, other therapeutic interventions have
been tried with peripheral nerve stimulations, as trigeminal
nerve stimulation and vagus nerve stimulation. Although these

techniques that are not properly considered as NIBS, in this
review, we will include some the results from these trials, since
preclinical and human studies showed that their efficacy rely
on the same plasticity-mediated mechanism (Pilurzi et al., 2016;
Buell et al., 2018; Mertens et al., 2018; Meyers et al., 2018).

Due to their use in migraine field, in the present review, we will
consider as NIBS single-pulse and repeated transcranial magnetic
stimulation (sTMS or rTMS), as well as anodal and cathodal
transcranial direct current stimulation (tDCS). As peripheral
stimulations, we included stimulations directed to cranial nerves,
i.e., Superficial Trigeminal Stimulation (STS), Greater Occipital
Nerve Stimulation (GONS), and vagal nerve stimulation (VNS).

NEURAL PLASTICITY AND ITS
RELATIONSHIP TO CHRONIC MIGRAINE

Synaptic Plasticity
The notion of plasticity dates back over 50 years ago, when
Hebb and co-workers observed increased learning skill in
those rats reared as pets at home in respect to laboratory-
raised counterparts. On this observation, they postulated that
a morphological change somehow occurs in the brain of these
animals (particularly at the level of synapses) in response to a
change in the environment, producing brain remodeling (Brown
and Milner, 2003) (see Table 1 for definition of different forms of
plasticity).

These changes were firstly described in the cortex and
include growth of dendrites, axonal sprouting, synaptic
membrane modifications, and also synaptogenesis, gliogenesis,
and neurogenesis (Sanes and Donoghue, 2000; Ward and
Frackowiak, 2006; Wieloch and Nikolich, 2006).

TABLE 1 | Definitions of plasticity.

Synaptic plasticity: a plasticity mechanism based on the strengthening of
synapses between neurons to encode mnemonic traces. These synapses are in
fact activated as an ensemble in processes of formation or recall of memory traces
(e.g., mnesic engram, motor patterns, and pain).

Homosynaptic plasticity: plasticity phenomena occurring in the synapse that is
firing. It relies on modifications in synaptic weights or in the number of receptors
expressed in the synaptic cleft. The two cardinal mechanisms responsible for
homosynaptic plasticity are long term depression (LTD) and long term
potentiation (LTP).

Heterosynaptic plasticity: plasticity phenomena occurring in synapses different
from the firing synapse. In general these changes involved near synapses in an
opposite way compared to the stimulated one. For example, if the firing synapse
is undergoing LTP, the other synapses tend to present LTD.

Neuronal plasticity: referred to plasticity changes occurring in neurons respect
to plasticity in non-neuronal structures, as oligodendrocytes and axonal
myelination degree.

Anatomic plasticity: plasticity mechanism depending on an anatomical correlate
(e.g., reduction or increase of gray matter, changes of brain connectivity, dendric
and axonal sprouting, rewiring after a lesion). It includes non-synaptic forms of
plasticity relying on changes of intrinsic neural excitability after a structural
modification, e.g., after a stroke the injured tissue becomes hyperexcitable.

Dysplasticity: indicates the maladaptive reshaping of brain connections, leading
to abnormal, either diminished or increased plasticity. Dysplasticity has been
advocated as cause of several chronic and progressive neurological diseases,
as Alzheimer disease, Huntington disease, depression, and schizophrenia.
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Plasticity adaptive morphological changes can occur in
response to environmental experiences and challenges. They
also can happen after brain injury, since damaged brain has
the same molecular and cellular properties of healthy brain to
induce neural plasticity. However, in pathological conditions,
as brain damage (e.g., major stroke or migraine chronification),
changes in brain excitability tend to be more pronounced,
widespread, or also aberrant, compared to those of healthy brain
(Schmidt et al., 2012; Brennan and Pietrobon, 2018). The core
of synaptic plasticity is the reshaping of the excitatory-inhibitory
balance, through modifications of synaptic weights occurring in
both excitatory and inhibitory synapses. This adaptation mostly
relies on specific patterns of activity of pre-synaptic and post-
synaptic neurons (Froemke, 2015). The two well-known long-
term synaptic mechanisms of plasticity are long-term depression
(LTD) and long-term potentiation (LTP). LTP and LTD are
mathematically predicted by the Bienenstock–Cooper–Munro
(BCM) theory (Bienenstock et al., 1982). LTD refers to a
progressive reduction of the responses, while LTP indicates an
increase of responses of the post-synaptic neuron.

At the molecular level, LTD and LTP responses depend
on the function of N-methyl-D-aspartate (NMDA) receptors,
whose activation, in response to presynaptic input, induces a
Ca2+ influx into the postsynaptic neuron. This leads to changes
of the strength in the synapsis connecting the pre- and the
postsynaptic neuron, by means of functional and structural
remodeling (MacDermott et al., 1986). According to the BMC
model, an infrequent presynaptic activity releases a low level
of glutamate that activates mostly AMPA receptors, whereas
metabotropic and NMDA receptors remain inactive. By contrast,
following an intense presynaptic discharge, NMDA receptor is
activated and synaptic weight changes (Gu, 2002; Froemke, 2015).

Aside from NMDA receptors, GABAA and GABAB, meta-
botropic and AMPA glutamatergic receptors, acetylcholine
(ACh), noradrenaline (NA), serotonin (5-HT), dopamine (DA),
histamine (Hist), oxytocin (Oxt), and also adenosine receptors
are also linked to LTP plasticity, since they may be regulated by
their own neurotransmitters and increase glutamate or reduce
GABA. So far, these modulatory transmitters play a permissive
role in plasticity, in auditory, somatosensory, and visual cortex
(Gu, 2002; Froemke, 2015).

Besides BCM theory, another model of plasticity is the spike-
timing-dependent plasticity (STDP) principle (Huang et al.,
2017). STDP also is linked to the glutamatergic synapses
properties but plasticity process depends on the timing between
the pre- and post-synaptic spike. In this model, in fact, the
weight of the synaptic plasticity becomes stronger whether
the presynaptic spike occurs before the post-synaptic one, and
weaker if the postsynaptic spike precedes the presynaptic one.
STDP mechanism also depends on the activity of NMDA
receptors and, consequently, on modulation of the Ca2+ influx
into the postsynaptic neuron (Froemke, 2015).

The STDP is the physiological basis of the concept of
“metaplasticity.” Metaplasticity refers to the fact that synaptic
plasticity can be modulated differently varying the pattern of
stimulation, like delivering spikes in triplets or trains of few
pulses repeated several times, or administrating two or more

stimulations in sequence. In some cases, plasticity can also
be reversed (then termed “reversal plasticity”) with adequate
combination of stimulations.

In excitatory synapses, STDP produces LTP if spikes from the
presynaptic neuron anticipate the ones from the postsynaptic
neurons. By contrast, LTD occurs if postsynaptic neuron fires
before the presynaptic one (Markram et al., 1997; Song et al.,
2000; D’amour and Froemke, 2015). In inhibitory circuits, LTP or
LTD can both occur, regardless which spike occurs first, if the two
spikes happened within or outside a precise time interval (Vogels
et al., 2011; D’amour and Froemke, 2015).

Plasticity can develop though either homosynaptic and
heterosynaptic mechanisms, which generally coexist. Homo-
synaptic plasticity happens in a stimulated synapse, according
to BMC or STDP model. During the stimulation of a synapsis,
however, the inactive synapses of the same network can develop
plastic forms of LTP or LTD, in order to counterbalance and
minimize the change of weight occurring in the stimulated one
(Song et al., 2000). The coupling of homosynaptic LTP and
heterosynaptic LTD basically has the purpose of controlling the
excitatory-inhibitory tone at long-range networks level (Stent,
1973).

In condition as sensitization, excitatory-inhibitory balan-
ce may be altered toward a progressive enhancement of
LTP. Homosynaptic LTP may facilitate the occurrence of
heterosynaptic LTP phenomena instead of LTD. Neuro-
physiologically, it corresponds to an increase in the amplitude
of evoked potentials recorded in humans (van den Broeke et al.,
2010) and it may cause an increase of nociceptive response
to unmodified stimulation (Harvey and Svoboda, 2007). This
phenomenon may be even stronger in pathological conditions,
as migraine chronification.

Migraine Pathophysiology:
Cycling Excitability
Migraine is a disorder characterized by an altered sensory
processing, as it has been unveiled by several electrophysiological
and imaging studies (for reviews, see de Tommaso et al., 2014;
Harriott and Schwedt, 2014; Goadsby et al., 2017). In episodic
migraineurs, during the migraine cycle (the alternating periods
of wellbeing and pain), the abnormal functioning of the brain
fluctuates according to the particular moment of the cycle itself.

During the interictal phase, migrainous brain is characterized
by a low level of preactivation in all sensory (e.g., visual,
somatosensory, auditory, etc.) and associative cortices. Affected
cortices respond to external repetitive stimulation with an initial
low response (that may resemble hypoexcitability), followed by
a progressive increase of neural activity, instead of a progressive
reduction (i.e., habituation) as the stimulation continues (de
Tommaso et al., 2014).

In healthy subjects, sensory stimulation generally evokes
cerebral responses though a dual-process, involving both
sensitization and habituation of responses (Groves and
Thompson, 1970). When a sensory stimulation begins, the
receiving cortex produces at first an increase of evoked responses
due to the novelty of the stimulation (i.e., sensitization) and
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later (if stimuli persist unmodified), the responses decrement
(i.e., habituation). This is independent from neural fatigue
since if some unexpected event occurs, it provokes a sudden
reappearance of the initial response (i.e., dishabituation)
(Thompson and Spencer, 1966).

The pattern found in migraineurs is in line with this
theory of a ceiling effect regulating habituation (Thompson
and Spencer, 1966; Groves and Thompson, 1970). A lower
preactivation level drives toward a delayed start of habituation
process because the ceiling threshold to be activated is reached
lately or not reached at all. This altered response may depend
on a deficit of serotoninergic projections from the brainstem
to the thalamus and then to cortex (Coppola et al., 2007b).
Reduced excitatory inputs from the thalamus produce in
the cortex a slowing of the natural oscillations: for instance
the visual cortex shifts from alpha (8–12 Hz) to theta (4–
7 Hz) range with a consequent impairment of GABAergic
interneurons, resulting in an increase of the high-frequency
activity in the boundaries of the slowed-down area (this
phenomenon is called “the edge-effect”) (Llinás et al., 1999;
De Ridder et al., 2015). In normal conditions, high frequency
gamma oscillations occur only transiently and mediate the
conscious perception of external stimuli by binding different
cortical networks (Melloni et al., 2007). In migraine, gamma
oscillations of the visual cortex are increased and do not
habituate as in normal subjects. This leads to recruitment and
activation of multiple networks of neurons at once during a
stimulation and eventually to hyperactivity (Coppola et al.,
2007a).

Since gamma activity is more energy-demanding than other
brain rhythms (Nishida et al., 2008; Huchzermeyer et al., 2013),
this may explain how a habituation deficit conducts to metabolic
strain, and ultimately to a migraine attack. The lack of habituation
is maximal in the days preceding the attack (Coppola et al.,
2009).

On the other hand, during the attack, the lower level of
preactivation (found in the interictal phase) rises to normal
values, sensitization increases and habituation normalizes,
eventually leading to a state of hyperexcitability, whose
manifestation is central sensitization, i.e., the increase of the
normal nociceptive sensitization. When sensitization is set, the
nociceptive threshold lowers so that the perception of similar
noxious stimulations is amplified (Woolf and Thompson, 1991).
In migraine during an attack trigeminal ganglion and thalamus
are sensitized (Burstein et al., 2010; Mathew, 2011).

Central sensitization has both clinical (allodynia) and
neurophysiological correlates [ictal laser-evoked potentials
(LEPs) responses (de Tommaso et al., 2005)], and lasts for the
entire duration of the attack, slowly disappearing with a return
to the interictal state. During an attack, the normal habituation
seems to be restored via a compensatory enhancement of
inhibitory activity driven by the hyperexcitability state (Conte
et al., 2010; Cosentino et al., 2014). It is interesting to notice that
several indices of cortical excitability vary with the time elapsed
from the last attack: excitability of the motor cortex is low far
from attack and become higher as the attack approaches (Cortese
et al., 2017a). As well, intracortical lateral inhibition, a measure

of activity of inhibitory interneurons, follows the same dynamics
(Coppola et al., 2016).

Migraine Chronification as Maladaptive
Synaptic and Anatomical Plasticity
Migraine chronification is clinically related to the repetition of
migraine attacks. The number of attacks is the main risk factor
for chronification itself (Buchgreitz et al., 2006). In CM, outside
an attack, the neurophysiological response to repeated stimuli is
similar to the pattern found in episodic form during an attack:
hyperexcitability, central sensitization and normal habituation
(Ayzenberg et al., 2006; Chen et al., 2011, 2012; Mathew, 2011;
Schoenen, 2011; Viganò et al., 2018). Interestingly, when patients
are successfully treated and return to episodic migraine, the low
preactivation and the lacking habituation reappear (Chen et al.,
2011, 2012).

The mechanism of the shift from episodic to CM is not
still completely elucidated, however, it may depend on a
maladaptive response to environmental sensory stimuli, leading
to pain sensitization in trigeminal-cervical complex, thalamus,
and cortical sensory and associative areas.

Homosynaptic synaptic plasticity may play a significant role
in migraine transition from episodic to chronic form. Structures
of the central nervous system may show central sensitization
show central sensitization when nociception is enhanced with
an increase in membrane excitability, synaptic efficacy or a
reduced inhibition (Woolf and Thompson, 1991). Experimental
evidence showed that sensitization of nociceptive responses at a
trigeminal level is mediated by a combination of heterosynaptic
and homosynaptic plasticity that are also responsible for the
spatial spread of enhanced responses in neighboring cutaneous
territories (Woolf and Thompson, 1991; Ikeda et al., 2006; Luo
et al., 2008).

Moreover, homosynaptic LTD of sensory terminals is
responsible for habituation, based on the fact that short-term
habituation and synaptic depression coexist and show similar
kinetics of onset and decay (Christoffersen, 1997; Glanzman,
2009; Gover and Abrams, 2009).

During chronification, each attack induces activation of
excitatory and inhibitory circuits. However, inhibitory circuits
are differently affected from excitatory ones, since they show a
higher and faster adaptation and a slower recovery to a repeated
stimulation (Wehr and Zador, 2003; Kuhlman et al., 2013).
A higher number of attacks may induce LTD of inhibitory
synapses while excitatory synapses are preserved, leading to a
progressive disinhibition of brain responses and then to the patter
of hyperexcitability found in CM. This state has been called “a
never-ending attack” (Schoenen, 2011).

As neurotransmitter, serotonin seems to be directly
involved. In a recent paper of our group, we investigated
electrophysiological patterns associated to transition from
CM to EM after GON anesthetic block (Viganò et al., 2018).
We found that during the recovery from chronic to episodic
migraine, an early increase of the serotonin firing (within the 1st
week after GON block) was found in patients who had clinical
improvement in the following weeks. By contrast, patients who
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didn’t benefit from the treatment serotonin firing remained
low. The size of the increase of serotonin firing was linearly
correlated to the clinical improvement. Interestingly, habituation
passed from normal (in CM condition) to lacking (when patients
improved to EM). Since in EM high serotonin is associated to
normal habituation and low serotonin to lacking habituation,
that support the idea that normal habituation in CM depends
on plastic tuning of synapses rather than solely on ceiling effect
as in EM. In our paper, we defined it “pseudonormal” to stress
the different mechanism. Serotonin seems able modulate the
excitatory/inhibitory balance and metaplasticity, shifting the
activity of neural circuits from inhibition to excitation, as already
found in the hippocampus (Kemp and Manahan-Vaughan,
2005). We measured serotonergic firing by using the intensity
dependence of auditory evoked potentials (IDAP) that is a
measure of 5-HT1B receptors activity (Proietti-Cecchini et al.,
1997; Juckel et al., 2008; Wutzler et al., 2008). 5-HT1B receptors
are involved, together with others 5-HT receptors, in plastic
adaptation in different brain regions (Hurley et al., 2008; Dölen
et al., 2013; Barre et al., 2016; Carhart-Harris and Nutt, 2017;
Zhou et al., 2019).

Besides synaptic modifications in CM, plasticity may originate
also from anatomical restructuration of dendritic spines and
axonal connection, as happens in brain injury model, where
synchronous electrical hyperactivity following the brain insult
can promote axonal sprouting, resulting similar to LTP (Wieloch
and Nikolich, 2006).

Both cortical hyperexcitability and the axonal sprouting play a
role in promoting the neuroanatomical plasticity and consolidate
new neural networks in response to a change in the environment
(Buchli and Schwab, 2005; Dancause et al., 2005).

At a microscopic level some studies found same brain
structures may change their morphology due to pain presence.
The first hint of anatomical plastic changes in migrainous brain
came from the evidence of alterations in thalamic structure,
measured by fractal anisotropy (FA), according to migraine cycle
(Coppola et al., 2014). This result was confirmed by subsequent
experiment in different phases of migraine cycle in EM (Coppola
et al., 2015). The changes in FA has been attributed to a rework
of neuronal connections and dendritic arborizations, suggesting
that the number of local circuits could be increased during the
attack and decreased interictally (Beaulieu, 2002). This result gave
an interpretative basis to look at structural data in CM.

To date, different studies have reported contrasting results
on local changes in gray matters, however, a common feature
seems to be present in the majority of them. In CM, several brain
areas involved in migraine pathophysiology showed a decrease
of the gray matter volume (GMV). In a recent paper, Coppola
et al. (2017) found that in CM patients gray matter is reduced
in the temporal lobe pole and gyrus, amygdala, hippocampus,
pallidum, and orbitofrontal cortex, and also in the visual cortex
and cerebellum in comparison to healthy subjects. It is interesting
to notice that the alterations were found predominantly in the
left hemisphere. This is also supported by a previous study
that found a decrease of the GMV in the amygdala, insula,
cingulate cortex and medial frontal gyrus, although the difference
was found only between chronic and episodic migraneurs

(Valfrè et al., 2008). In the same study by Valfrè et al. (2008),
migraineurs showed a reduced local GMV in right superior
temporal gyrus, parietal operculum, right inferior frontal gyrus
and left precentral gyrus compared to healthy subjects, although
none of the latter regions have had a correlation with clinical
outcome while areas highlighted only in CM did (Valfrè et al.,
2008). Another study performed on patients with CM and
medication overuse headache (MOH) showed a larger reduction
of brain volumes in the orbitofrontal cortex and left middle
occipital gyrus of patients with MOH (Lai et al., 2016).

Interestingly, some of these alterations are correlated to
clinical parameters, such as the frequency of migraine attacks and
the duration of the disorder (Valfrè et al., 2008; Coppola et al.,
2017). A study by Bilgiç et al. (2016) also found a decrease of
the size of the cerebellum and brainstem, without, however, a
correlation to clinical features.

On the other hand, in contrast with previous results, some
studies showed an increase of GMV in amygdala, putamen and
left temporal pole/parahippocampus (Lai et al., 2016; Neeb et al.,
2017).

NIBS-INDUCED PLASTICITY

Transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS) are the most common NIBS methods
used to study and modulate cortical excitability in experimental
settings investigating neural plasticity. They act on both synaptic
and anatomic plasticity. Some of the effects obtained by
the stimulation are achieved from changes in the neuronal
structures, elicited by external electric (tDCS) or magnetic
(TMS) fields, beside the fact that external electric field causes
displacement of intracellular ions, thus altering the internal
charge distribution and modifying the neuronal membrane
potential (Ruffini et al., 2013). Repetitive magnetic stimulation
(rMS) is known to elicit structural remodeling of dendritic
spines by remodeling postsynaptic gephyrin scaffolds, in addition
to modifying synaptic GABAergic strength (Lenz and Vlachos,
2016).

TMS Protocols
Repeated TMS protocols are able to induce amplitude changes
in motor evoked potentials (MEPs) similar to those expected
following LTP in the glutamatergic synapses (Huang et al.,
2017). According to the BCM model, stimulation trains at high
frequency (10–20 Hz) are able to induce LTP, whereas stimulation
trains with a low frequency (around 1 Hz) induce LTD (Bliss and
Collingridge, 1993; Pascual-Leone et al., 1994; Chen et al., 1997).
TMS can easily induce metaplasticity (Huang et al., 2017). Not
varying frequency nor intensity, the effect of neuromodulation
changes according to the pattern of stimuli administration, as
happens in theta burst stimulation (Huang et al., 2011).

Theta burst stimulation (TBS) is based on bursts of 3 pulses
(triplets) delivered at 50 Hz and separated by 200 ms intervals
(trains of 3 pulses are delivered at 5 Hz). Two types of TBS
have a good effect: the intermittent (iTBS) and the continuous
(cTBS) theta burst stimulation. iTBS is made with train of a 2 s
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(30 pulses) every 10 s (600 pulses in total). In cTBS, 50 Hz triplets
are repeated continuously for a 40 s (600 pulses in total) (Huang
et al., 2005).

Metaplasticity can also be achieved by the combination
of priming stimulation with a conditioning stimulation. For
example, if the priming is excitatory and the conditioning
stimulation is inhibitory the effect of the conditioning stimulation
can be reverted to excitation. A similar metaplasticity-like
effect has been found following quadripulse stimulation (QPS)
(Hamada et al., 2008) and theta burst stimulation (TBS)
(Murakami et al., 2012).

rTMS influences brain excitability on a target cortex as well
as in distant regions belonging to the same networks varying
the functional connectivity between long-range areas. The
application of excitatory QPS on M1 decreased interhemispheric
functional connectivity of the contralateral M1, whereas
inhibitory QPS did the opposite (Watanabe et al., 2014). The
same results were replicated with a minor extent on S1 or DLPFC.

As mechanism, NMDA Ca2+-channels involvement has been
demonstrated for high frequency rTMs (Liu et al., 2017),
theta burst stimulation (TBS) (Huang et al., 2007), quadripulse
stimulation (QPS) (Tanaka et al., 2015), and paired associative
stimulation (PAS) (Stefan et al., 2002).

tDCS Protocols
The mechanism underlying tDCS plasticity seems to be mediated
by N-methyl-D-aspartate (NMDA) and γ-aminobutyric acid
type A (GABA) receptors. Anodal stimulation reduces GABA,
whereas cathodal stimulation reduced both glutamatergic and
GABA levels [for an exhaustive review see (Stagg and
Nitsche, 2011)]. This result is supported by the notion that
pharmacological blockage of NMDA abolishes tDCS after-effects,
while NMDA agonists enhance them (Nitsche et al., 2003).
Moreover, animal studies have confirmed the involvement of
NMDA receptors and brain-derived neurotrophic factor (BDNF)
for the long-term effects observed after anodal tDCS, and
adenosine A1 receptors after cathodal tDCS (Ammann et al.,
2016). In a PET study, anodal stimulation enhanced rCBF while
cathodal induced a decrement of rCBF (Lang et al., 2005).

However, predicting the outcome of a tDCS protocol is not
straightforward, since several parameters may influence the final
effect (Horvath et al., 2015). The stronger evidence of an effect
is available for MEPs, since almost the totality of studies found
the anodal stimulation is excitatory and cathodal is inhibitory
(Priori et al., 1998; Nitsche and Paulus, 2001; Nitsche et al., 2003,
2005). For a review, see (Horvath et al., 2015). However, outside
of the motor cortex, the studies yielded contrasting results. Visual
evoked potentials (VEPs) resulted enhanced after either anodal or
cathodal stimulation (Antal et al., 2004; Accornero et al., 2007).
In two recent sham-controlled TMS EEG experiments (Romero
Lauro et al., 2014; Varoli et al., 2018), authors showed that anodal
stimulation on posterior parietal cortex produce an immediate
and sustained increase of cortical excitability not limited to the
stimulated region, but spread through all the fronto-parietal
network and bilaterally, while the same experiment with cathodal
stimulation yielded no significant results. This different result was
attributed to the network properties: networks with a low baseline

activity can respond better to anodal stimulation than cathodal
(in the latter stimulation may suffer from a flooring effect), while
the opposite condition, namely that anodal stimulation may be
less effective on brain regions with high baseline activity, i.e.,
ceiling effect, occurs rarely.

SUMMARY OF NEUROMODULATION
TECHNIQUES AND STUDIES IN
CHRONIC MIGRAINE

Non-invasive Brain Stimulation (NIBS)
Techniques
Transcranial Magnetic Stimulation (TMS)
Some rather surprising results in migraine prophylaxis have been
obtained by sTMS (see Table 2). sTMS was firstly implemented
in clinical trials as a non-pharmacological acute treatment
for its ability to block cortical spreading depression in rats,
as well as inhibiting the firing rate of nociceptive thalamocortical
projection neurons (Andreou et al., 2016). However, a large
United Kingdom post-market survey, performed on 190
migraineurs, using a hand-held sTMS device for acute headache
relief (Bhola et al., 2015), showed that at 3 months, both
episodic and CM groups (the latter constituting two thirds of
the population) had a significant reduction in the number of
headache days respect to baseline. Moreover, a similar study
(ESPOUSE trial) evaluated sTMS treatment in both the acute
and preventive setting have shown a reduction in headache
frequency in both episodic and CM subjects (Starling et al.,
2018).

These results in prevention are not easy to explain. sTMS
was in fact tested in a pilot and later sham-controlled RCT
(Clarke et al., 2006; Lipton et al., 2010). In this RCT, 164 subjects
with episodic migraine (EM) self-administered sTMS over the
occipital cortex during the aura phase or the beginning of an
attack: 2-h pain free response rates were significantly higher with
sTMS (39%) respect to sham stimulation (22%); treatment with
sTMS showed a therapeutic gain of 17%.

The rational of the study was acting directly on migraine
aura neural correlate, the cortical spreading depression, to abort
the attack. So it is not clear how it can also prevent the
repetition of new attacks. Two possible explanations led to
the development of the ESPOUSE trial. One could be that
several drugs used in migraine prevention inhibit CSD and,
therefore, CSD inhibition can also be preventive of new attacks,
alternatively, a modulation of the thalamic function induced by
sTMS produced the prophylactic effect. Thalamus has a role
in both attack development and central sensitization (Burstein
et al., 2010). Beside that, however, we may think that sTMS
may act in migraine prevention with an indirect mechanism.
Repetition of the attack is in fact one of the main cause
of chronification process. While painkillers or triptans drug
therapies abuse facilitates central sensitization (clinically known
as MOH), to date there is no evidence that the acute treatment
of attack with sTMS induce sensitization producing a sort of
“stimulation overuse headache”. We could therefore hypothesize
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that reducing the days of headache per se with neuromodulation
has a prophylactic value against future attacks.

Repetitive TMS has also been studied in migraine prophylaxis,
with conflicting results depending on the type (high vs.
low frequency) and area of stimulation. The first study to
evaluate rTMS in migraine was a pilot trial by Brighina and
colleagues, in which six CM patients received 400 pulses
of high-frequency (20 Hz) rTMS to the area corresponding
to the dorso-lateral prefrontal cortex (DLPFC); five subjects
received sham stimulation instead (Brighina et al., 2004). The 12
total stimulation sessions significantly reduced migraine attacks,
as well as disability and use of abortive medication, respect to
baseline. Significant differences in outcome measures were not
observed in the placebo group. However, these results were not
confirmed in a subsequent study in 18 migraine patients (9),
who received a similar protocol of 1600 pulses 10 Hz stimulation
over the DLPFC per session, for 23 sessions. After 8 weeks of
treatment, the number of headache days decreased significantly
more in the sham group than in the active rTMS-DLPFC group
(Conforto et al., 2014).

Repetitive TMS applied over the primary motor cortex was
also investigated in migraine, in a RCT of 100 episodic or
CM patients. In this study, rTMS as preventive treatment was
given in sessions of 600 pulses at 10 Hz on alternate days
(Misra et al., 2013). The treatment was capable of significantly
reducing headache frequency (from 78.7 to 33.3%) respect to
placebo. Another study on 29 total CM patients compared
the effects of rTMS over the motor cortex versus botulinum
toxin-A injections (Shehata et al., 2016). The protocol was
designed to deliver 20 trains of 100 stimuli at 10 Hz in tri-
weekly sessions over 1 month. The treatment showed a reduction
in headache frequency and a comparable efficacy to Botox,
with, however, a less sustained effect. In a randomized trial
using add-on deep rTMS vs. standard treatment, treatment-
resistant CM patients received 10 Hz trains of 600 pulses
in lateral and medial part of the prefrontal cortex bilaterally
(according to authors the stimulation should reach DLPRF and
orbitofrontal cortex). The 4 weeks period produced a decrement
in pain intensity, number of headache days and also depressive
symptoms compared to the pharmacological group (Rapinesi
et al., 2016).

The biological rationale for the use of rTMS as a preventive
treatment for migraine originates from the hypothesis of an
abnormal cortical excitability of the migraineous brain. Repetitive
TMS, with its effects on cortical depolarization and neuronal
plasticity, could potentially repair this abnormal excitability in
migraineurs. In an RCT by Teepker et al. (2010), the effects
of low frequency rTMS in migraine prophylaxis were studied,
based on the hypothesis of hyperexcitability in the migraineous
brain. Interestingly the study, in which 27 migraneurs received
500 pulses of 1 Hz stimulation over the vertex, failed to show
a significant decrease in headache frequency respect to sham
stimulation (Teepker et al., 2010).

In a proof of concept studies, the efficacy of rTMS quadripulse
applied over the visual cortex has recently been completed,
however, results are still not available. The trial has been
preceded by a proof of concept study for CM prevention

(Sasso D’Elia et al., 2012), which showed a ≥50% reduction of
migraine days in 40% of the 12 total participants.

The usefulness of modifying habituation deficit was partially
confirmed by a recent study showing that active rTMS
stimulation was capable of reducing the habituation deficit,
measured through somatosensory evoked potentials, in 56
migraineurs; furthermore this normalization correlated with a
parallel reduction in headache severity following 1 month of
treatment (Kalita et al., 2017).

To date, one open-label clinical trial with cTBS has been
implemented in migraine patients. It included both episodic
(n = 6) and chronic patients (n = 3). The cTBS treatment
improved the baseline by a 29% of total headache days
immediately after the end of the stimulation and by −35% in
the 4 weeks follow-up. Similarly, it reduced migraine attacks by
66% by the end of the treatment and by 88% 4 weeks later (Chen
et al., 2016). Since no subanalysis is provided, drawing a firm
conclusion in not possible.

Non-invasive Transcranial Direct Current
Stimulation (tDCS)
To date only few studies selectively investigated the role of tDCS
in CM (Dasilva et al., 2012; Rocha et al., 2015; Andrade et al.,
2017) (see Table 2). In some other studies, chronic patients
were recruited together with episodic, so that drawing a firm
conclusion in not possible in the absence of a separate subanalysis
(Antal et al., 2011; Rocha et al., 2015).

The first tDCS trial including CM patients was that performed
by Antal et al. (2011). This was a randomized sham-controlled
trial with crossover design. Out of the 30 patients enrolled,
26 participants complete the protocol and were included into
the analysis. According to the hypothesis of hyperexcitability
of the visual cortex, authors applied an inhibitory stimulation
on the occipital cortex. Intensity of the active stimulation was
1 mA for 15 min every 2nd day for 3 weeks. Trial’s results were
almost negative: neither active nor sham stimulation provided an
improvement in primary endpoint (migraine attacks). Although
active stimulation improved migraine-related days (−42.5%),
mean duration of attacks (−19.5%) and intensity of pain
(−22.6%), only the latter barely differed significantly from the
sham treatment (p = 0.05).

The second RCT by Dasilva et al. (2012) included ten
sessions over a 4 weeks period of anodal (or sham) tDCS
over contralateral-to-pain M1 (Dasilva et al., 2012). Stimulation
protocol used 2 mA for 20 min two or three times a week. This
trial was aimed only to CM patients and recruited 13 patients
distributed in a non-crossover design with 5 patients enrolled in
the sham and 8 to the active group. The outcome measure was
the reduction in pain. Although the difference between active and
sham group was only close to significance immediately after the
stimulation, active group showed clinical benefit overtime and
significance difference was found after 4 months (−36.96%) and
a trend for reduction in length of migraine episodes (in hours)
of 88.75%. In this study, the sample size is quite small, and self-
reported questionnaire and not a headache diary have been used
to assess pain scores.
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In a recent three arm study, one arm (M1-a) received active
anodal stimulation aimed on left primary motor (M1), a second
arm (DLPFC-a) received anodal tDCS on left dorsolateral
prefrontal cortex (DLPFC) and a sham arm (SHAM-a) received
sham stimulation also on left primary motor (M1) (Andrade
et al., 2017). Thirteen CM patients were distributed in the three
groups: 6 in the M1-a, 3 in the DLPFC-a, 4 in the SHAM-
a. Stimulation protocol involved 12 sessions of 2 mA lasting
20 min, three times a week for 4 weeks. tDCS on DLPFC was
more effective than M1 and sham stimulation. Direct comparison
between M1 and DLPFC is lacking in the paper, except for the fact
that M1 stimulation was associated to a higher risk of side effects
(namely: headache, burning, and sleepiness).

Peripheral Nerve Stimulations
Non-invasive Vagus Nerve Stimulation (nVNS)
The initial use of vagus nerve stimulation to treat headaches first
came from the epilepsy field, following several anecdotal reports
of migraine improvement in patients with comorbid epilepsy
who had been implanted with the device (Sadler et al., 2002; Hord
et al., 2003).

The breakthrough for its use in migraine therapy certainly
came with the development of portable devices, which allow
to stimulate the vagus nerve transcutaneously at the neck
(GammaCore R© device) or in its auricular portion (Nemos R©

device) in a non-invasive way.
The hypothesis for the effect of vagus nerve stimulation

in headache lies on the presence of distinct anatomical and
functional connections between the vagus nerve and the
trigeminal complex (Kaube et al., 1993; Ruggiero et al., 2000).
Furthermore, animal evidence has shown that vagus stimulation
can reduce neuronal activity and glutamate levels in the spinal
trigeminal nucleus, as well as pain (Ren et al., 1989; Randich
et al., 1990; Lyubashina et al., 2012) and allodynia (Oshinsky et al.,
2014) in the trigeminal area. This evidence overall seems to point
to a nociceptive ascending modulating effect of the vagus nerve
on the trigeminal system.

The GammaCore R© device was initially trialed for acute
migraine therapy. In a first pilot study on 30 episodic migraine
patients (27 of which entered the final analysis) 80 total attacks
were treated with two right-sided 90 seconds sessions. A total of
22% of patients were pain free from moderate/severe attacks at
2 h, and 43% had pain relief at 2 h; 38% of the milder attacks
were resolved at 2 h (Goadsby et al., 2014). Barbanti et al. (2015)
administered the GammaCore R© device acutely in two unilateral
120 s doses in 48 patients; 14 subjects had high frequency episodic
migraine and 36 CM. Results on 131 treated attacks showed a
39.6% pain free and 64.6% pain relief rate at 2 h from treatment
(Barbanti et al., 2015). Side effects in both studies were transient
and mild.

In the preventive setting, the GammaCore R© device has been
used in a limited number of studies and it has to date not
shown similar encouraging effects. A recent double-blind, sham-
controlled RCT was performed on 59 CM patients who were
treated with two unilateral 90 s doses three times a day for
2 months, and subsequently for an open label phase lasting
up to 6 months (Silberstein et al., 2016). Outcomes were not

significantly different between the sham and active stimulation
group; however, at the end of the open label phase, the group
initially assigned to nVNS - i.e., in the randomized phase- showed
a significant reduction in headache days respect to baseline.

The Nemos R© device, developed in Germany, is used to
stimulate the auricular branch of the vagus nerve through an
electrode worn in the ear. In a recent RCT the efficacy of the
device for preventive use was tested in 46 chronic migraineurs.
Treatment was given in 4-h daily sessions with either active
(25 Hz) or sham (1 Hz) stimulation (Straube et al., 2015).
Results from this study were, however, disappointing, showing
that subjects in the sham arm had a higher reduction in headache
days than the ones receiving active stimulation.

Transcutaneous Supraorbital/Occipital Electrical
Neurostimulation (tSNS and tONS)
Although it has been applied with clinical benefit in prevention
of episodic forms, a clinical benefit from transcutaneous
supraorbital electrical neurostimulation (tSNS) in CM is not
established yet, although a clinical trial is currently ongoing
(ClinicalTrials.gov identifier: NCT02342743). Small, open-label
study showed that half of CM patients involved in the study had
a reduction superior to 50% of the baseline number of headache
days (Di Fiore et al., 2017).

Although the exact mechanism of action is not completely
understood, some hints may come from one FDG-PET study on
migraineurs that showed the effects of a 4-weeks long treatment
with transcutaneous electrical neurostimulation (Magis et al.,
2017).

In a sample of 10 subjects with migraine without aura,
pretreatment FDG-PET showed a marked hypometabolism in the
anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC).
At the 3 weeks follow-up, after tSNS treatment, patients reported
at the group level a clinical benefit. The follow-up FDG-PET
showed normalization in glucose metabolism in ACC and OFC.
This change could be due either to stimulation effect or patients’
clinical improvement. However, some data points toward a slow
neuromodulatory effect exerted by tSNS rather than to clinical
improvement itself. The major fact in this direction is this
increase didn’t differ between responders and not responders, so
that a direct connection to clinical improvement seems relatively
unlikely. One limit of this reasoning is that the sample size of
the study was quite small, so that lack of difference may derive
from low statistical power (Magis et al., 2017; Russo et al., 2017).
However, both baseline hypometabolism of prefrontal cortices
and their increase and after therapy increase were supported
by other studies on neurostimulation in migraine (Matharu
et al., 2004), cluster headache (Magis et al., 2011), or trigeminal
neuropathic pain (Willoch et al., 2003).

PROTOCOL INDICATIONS, NUANCES
AND FUTURE PERSPECTIVE

We have briefly reviewed the evidence supporting the idea
that synaptic and anatomical, plasticity causes the state
of hyperexcitability in CM. Both clinical (allodynia) and
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neurophysiological (pattern indistinguishable from the one
found in ictal phase of episodic migraines) are in line with this
interpretation.

For this reason, techniques of neurostimulation, which can
modify in a predictable manner the thalamocortical interplay
and, at the same time, induce plasticity and metaplasticity
processes in neurons, are of primary importance in the treatment
of migraine and especially CM. We know that cortical stimulation
by tDCS and TMS can influence cortical and corticothalamic
circuits and single pulse TMS also blocks the nociceptive
neurotransmission from the thalamus to the cortex (Andreou
et al., 2016; Sankarasubramanian et al., 2017).

In brief, what we can do with neurostimulation is

(1) increase or decrease cortical excitability in a target
regions;

(2) modulate the interhemispheric and intrahemispheric
functional connectivity by acting on functional connected
brain areas in a facilitatory or inhibitory way;

(3) modulate the effect of a subsequent NIBS treatment by
previously inducing LTP-like plasticity by means of a
priming NIBS stimulation.

However, despite this large choice of stimulation, to date no
clear indications have pointed out from the therapeutic studies
performed until now, so that neither rTMS nor tDCS received
any recommendation for use in migraine, except for the sTMS
that is supported National Institute for Health and Clinical
Excellence (NICE) in the United Kingdom for acute treatment
(Lefaucheur et al., 2014, 2017). Several reasons account for that
result.

In first place, some issues with therapeutic neuromodulation
in CM are intrinsically related to the method. Some of them
have been addressed in a recent paper by (Thibaut et al., 2017),
where they deeply analyze some reasons why neuromodulation
may fail. One point that they raised is very interesting because
it fully influences some of the CM neuromodulation trials
in this review: the intensity-related effect. In fact, previous
studies showed that cathodal tDCS on the left motor cortex
may have inhibitory effects when delivered at 1 mA, while
excitatory effects when delivered at 2 mA (Batsikadze et al.,
2008). In the last 5 years, safety limitations of tDCS changed
and the maximum applicable limit passed from 1 to 2 mA.
For this reason, some of the older trial, like (Antal et al.,
2011), used cathodal stimulation on visual cortex at 1 mA
to inhibit supposed hyperexcitability, while more recent trials,
like (Rocha et al., 2015), used 2 mA stimulation for the same
purpose. In this latter trial, the cathodal stimulation had no effect
on phosphenes threshold that was used as neurophysiological
measure. In the former trial, no neurophysiological measurement
was used.

The second major point is that most of trials recruited small
number of patients, so that they are generally underpowered. Not
all of them, however, provided any neurophysiological surrogate
marker of response beyond clinical improvement. On one hand,
the response in migraine is only based on anamnestic recall
and diary aid and, in CM patients with higher number of

headache days, slight changes can go unnoticed. On the other
hand in case of response the exact neurophysiological mechanism
remains only speculative. Moreover some recent trial showed
that neurophysiological modifications could also precede the
clinical improvement suggesting how it is achieved (Viganò et al.,
2018).

Another critical point is the choice of the clinical outcome
measure. Some of the trials considered various combinations of
pain intensity, attack frequency, headache days, and medication
intake. This is problematic for two reasons. First, it does not
allow comparing all trials easily. To over come this problem
the International Headache Society released the updated
guidelines for pharmacological and non-pharmacological
controlled trials in episodic and CM (Silberstein et al.,
2008).

Patient’s choice is fundamental in such trial. Clinically and
neurophysiologically, CM patients differ from EM patients, and
they should be kept separated in clinical trials. Some of the
trials presented included both EM and CM patients, without
better definition or subgroup analysis. By the same token, also
patient with MOH should be object of different trials or at
least subanalysis, especially when neurophysiological outcomes
are considered since we know that some excitability indexes as
sensitization and habituation vary in MOH vs. pure CM patients,
and moreover, with the category of MOH, amongst triptans and
analgesic overusers (Coppola et al., 2010).

In conclusion, at present, the major limitation of therapeutic
neuromodulation studies is that only few studies also provided
information on neurophysiological correlates produced by the
stimulation and in some cases the clinical benefit was not
associated to evident changes in neurophysiological parameters.
In this line, it seems promising that targeting habituation deficit
produced some reproducible results in episodic migraineurs
(Viganò et al., 2013; Cortese et al., 2017b), however, it was not
true at present for CM patients (Sasso D’Elia et al., 2012).

Further study, combining therapeutic and neurophysiological
investigations (also aimed to investigate plasticity changes)
are then needed to better understand the complexity of
NIBS restorative effects and define the better therapeutic
interventions.
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Despite being routinely used for pain management, opioid use is limited due to adverse
effects such as development of tolerance and paradoxical pain, including thermal
hyperalgesia and mechanical allodynia. Evidence indicates that continued morphine
administration causes increased expression of proinflammatory mediators such as
tumor necrosis factor-alpha (TNF-α). The objectives of the present study were to
determine the effects of B1 (N-[(1H-benzimidazol-2-yl)methyl]-4-methoxyaniline) and B8
(N-{4-[(1H-benzimidazol-2-yl)methoxy]phenyl}acetamide), benzimidazole derivatives, on
thermal nociception and mechanical allodynia during repeated morphine (intraperitoneal;
5 mg/kg twice daily for 6 days)-induced paradoxical pain and TNF-α expression
in the spinal cord in mice. Our data indicate that administration of benzimidazole
derivatives attenuated morphine-induced thermal hyperalgesia and mechanical
allodynia. Benzimidazole derivatives also reduced TNF-α expression in mice. Taken
together, these results suggest that benzimidazole derivatives might be useful for the
treatment of neuroinflammatory consequences of continued morphine administration
and could be potential drug candidates for the management of opioid-induced
paradoxical pain.
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INTRODUCTION

Pain is a significant social, clinical, and economic health problem (Phillips, 2006). It usually results
from activation of nociceptive afferents by actual or potential tissue-damaging stimuli (Treede et al.,
2008). Pain may be acute or chronic depending on disease status (Muscoli et al., 2007). A research
report indicates that the prevalence of chronic pain ranges from 8 to 60% (Phillips, 2006).
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Opioids such as morphine remain the drug of choice in
alleviating moderate to severe pain (Johnston et al., 2004).
At present, the prescribing of opioids is increasing in the
United States. However, long-term opioid treatment is associated
with reduced clinical efficacy and paradoxical pain development
characterized by hyperalgesia and allodynia in humans and
in experimental animals (Tompkins and Campbell, 2011).
It has been reported that the prolonged use of morphine
may result neuro-inflammation in the central nervous system
and hyperalgesia that leads to the suppression of morphine
analgesia (Wang et al., 2012).

Opioid-induced hyperalgesia in animals can be defined as
a paradoxical state of heightened pain sensation in which
both pain threshold and pain tolerance decrease from baseline
after chronic administration of opioids (Stoicea et al., 2015).
Meanwhile, allodynia can be defined as the experience of pain
from a benign stimulus (Tompkins and Campbell, 2011). The
exact mechanism underlying opioid-induced paradoxical pain
is still unknown (Tumati et al., 2012). However, it has been
studied that activation of glial cells after sustained morphine
administration increases the expression of proinflammatory
mediators such as tumor necrosis factor-alpha (TNF-α), which
contributes to the development of opioid-induced hyperalgesia
and allodynia (Sommer and Kress, 2004; Stellwagen and
Malenka, 2006). Both glial cell (microglia and astrocytes)
activation and enhanced proinflammatory cytokines including
TNF-α expression were observed following chronic morphine
treatment at the spinal cord of the rodents (Raghavendra
et al., 2002). The TNF-α released in response to various
insults and injury (Merrill and Benveniste, 1996) produces
its effect by rapidly increasing pain sensation (Beattie et al.,
2002). These facts indicate that TNF-α plays a critical role in
paradoxical pain development (Grace et al., 2015) and decreasing
TNF-α expression might be helpful in reducing morphine-
induced paradoxical pain. Thus, inhibition of glial cell activation
or antagonizing the activity of TNF-α might attenuate the
development of morphine-induced hyperalgesia in laboratory
animals (Raghavendra et al., 2002).

Benzimidazole is an important scaffold having different
biological activities. Benzimidazole moieties have benzene and
a heterocyclic imidazole ring, and are one of the most
promising moieties that is present in many clinically useful
drugs (Salahuddin et al., 2017). Previous studies showed that
benzimidazole derivatives have considerable anti-inflammatory
and analgesic properties (Akhtar et al., 2017). We therefore
hypothesized that systemic administration of benzimidazole
derivatives with morphine might be able to reduce opioid-
induced hyperalgesia and allodynia.

The present study was designed to evaluate the possible
beneficial effects of benzimidazole derivatives B1 (N-[(1H-
benzimidazol-2-yl)methyl]-4-methoxyaniline) and B8 (N-{4-
[(1H-benzimidazol-2-yl)methoxy]phenyl}acetamide), shown in
(Figure 1) against repeated morphine administration-mediated
thermal hyperalgesia, tactile allodynia, and on spinal TNF-
α expression in an animal model. We also explored the
antioxidant potential and the acute toxicity of the selected
benzimidazole derivatives.

FIGURE 1 | Structure of the benzimidazole derivatives:
(A) N-[(1H-benzimidazol-2-yl) methyl]-4-methoxyaniline (B1) and
(B) N-{4-[(1H-benzimidazol-2-yl) methoxy] phenyl} acetamide (B8).

MATERIALS AND METHODS

Animals
Balb-c mice of either gender (25–30 g), equal in number for
groups with an even number of animals and with one more male
mouse in groups with an odd number of animals, were used
for experimental work. Animals were housed in groups of four
in standard cages (22 ± 2◦C, relative humidity of between 50
and 60%), allowing free access to diet and water, and maintained
on a reverse 12/12 h light/dark cycle at the animal house of
the Riphah Institute of Pharmaceutical Sciences (RIPS) (Council,
1996). The experimental procedures were approved by RIPS
Ethical Committee, Pakistan (Ref No. REC/RIPS/2016/014).

Chemicals
All drug doses were calculated on the basis of animal weight.
Morphine was procured from Sigma Aldrich through proper
channels and was diluted in normal saline (0.9% NaCl). The
benzimidazole derivatives, B1 and B8, were synthesized at the
Department of Chemistry, Riphah Institute of Pharmaceutical
Sciences, Riphah International University, Islamabad, Pakistan,
and were diluted in normal saline containing 5% DMSO and
2.5% Tween 80. The TNF-α mouse ELISA (ab100747) kit was
purchased from Abcam.

Drug Administration
Paradoxical pain was induced with morphine (5 mg/kg/injection,
10 ml/kg volume), delivered intraperitoneally (IP), twice daily
(08:00 h and 20:00 h) for 6 days (n = 5–6 animals). Separate
groups of animals received IP injections of B1 (1, 3, or 9 mg/kg)
twice daily along with morphine for 6 days (n = 5–6 days).
Another separate group of animals received IP injections of B8
(1, 3 or 9 mg/kg) twice daily along with morphine for 6 days
(n = 5–6). Animals received benzimidazole derivatives 30 min
before morphine injection. Negative control animals received
an equal volume of vehicle (10 ml/kg). Positive control group
animals received ketamine (10 mg/kg) along with morphine
(Laulin et al., 2002). Behavioral (thermal nociception and
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mechanical allodynia) assays were blindly performed prior to
drug administration (naïve baseline), every alternate day (1st,
3rd, 5th, and 7th day at 08:30 h) during drug treatment period
30 min after morphine/saline injection and at 96 h (9th day) after
the last IP drug injection (Figure 2).

Thermal Hyperalgesia
Thermal hyperalgesia was performed using a hot plate assay
(Yoon et al., 2012). Briefly, each animal in a plexiglass chamber
was positioned on a hot plate maintained at 55◦C ± 2. Paw
withdrawal latency was measured by using a stopwatch. The
time spent by animals to exhibit licking, flicking or jumping was
recorded as a positive response. A maximal 30 s cutoff was used
to prevent tissue damage.

Mechanical Allodynia
Mechanical allodynia was performed using von Frey filaments
as described previously (Chaplan et al., 1994). Briefly, mice were
allowed to habituate to the experimental apparatus for 30± 5 min
in wire mesh cages. Using an up-and-down method, calibrated
Von Frey filaments of 0.16, 0.4, 0.6, 1, 1.4, and 2 g of different
strength were used in accordance with the up-and-down method.
A starting filament with 0.16 g was applied perpendicularly to the
plantar surface of the mice paw kept in wire-mesh cages. Positive
score was recorded as paw withdrawal and next lighter filament
was applied. For negative scoring, next higher force filament was
used. The same procedure was continued for five consecutive
readings (Xie et al., 2005; Tumati et al., 2012). The average of five
scores was recorded.

Thermal Nociceptive Test
Thermal nociceptive susceptibility was measured with the
thermal nociceptive tail withdrawal test as described previously
(Johnston et al., 2004). Briefly, mice were placed in individual
plastic tubes with tail lying outside. The lower 5 cm allocated
section of the mice tail was dipped in a water bath maintained at
45◦C. Withdrawal of the tail within a few seconds was recorded
by stopwatch as a positive response. A cutoff time of 10 s was used
to avoid tail damage (Xie et al., 2005).

Enzyme-Linked Immunosorbent Assay
An enzyme-linked immunosorbent assay (ELISA) was used to
measure TNF-α in the spinal cord of mice. Briefly, 96 h after the
last IP dose of morphine, the animals were sacrificed and their
lumber spinal cords were isolated. The spinal tissues were stored
at −80◦C until analysis. On the day of experiment, the tissues
were homogenized by a probe sonicator in tris buffer saline
containing 5% Tween 80, centrifuged at 8500 × g for 30 min at
4◦C, and their supernatants were collected (Tumati et al., 2010).
The mouse TNF-α ELISA kit (ab100727) was used for TNF-α
quantification as per manufacturer’s instructions.

Antioxidant Activity
Antioxidant activity of the selected benzimidazole derivatives was
measured using a 2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay (Molyneux, 2003; Mathew and Abraham, 2006).

FIGURE 2 | Experimental design: (A) On day 0, each mouse baseline
behavioral test – paw withdrawal latency (hotplate test), tail withdrawal latency
(tail immersion test) and paw withdrawal threshold (von Frey filament test) –
was measured. (B) Animals received intraperitoneal vehicle or
vehicle+morphine (5 mg/kg) or B1/B8 (1 mg/kg, 3 mg/kg, or
9 mg/kg)+morphine (5 mg/kg) or ketamine (10 mg/kg)+morphine (5 mg/kg);
injected twice daily for 6 days (Day 1–Day 6). (C)The animals were tested for
paw withdrawal latencies, tail withdrawal latency and paw withdrawal
thresholds every other day (1st, 3rd, 5th, and 7th day at 08:30 h) during the
drug treatment period 30 min after morphine/saline injection and 96 h (9th
day) after the last drug injection.

Serial dilutions of the tested compounds were prepared with a
concentration of 1, 3, 10, 100, 300, 700, and 100 µg/ml in 5%
DMSO and 2.5% Tween 80. Then, 3 mL from the freshly prepared
1 Mm DPPH solution in methanol was added to each dilution.
After vigorous shaking, the mixture was placed in a dark place
for 30 min to complete the reaction, showing a change in color.
With a UV spectrophotometer, absorbance of the tested solution
was measured at 517 nm. From the given formula, the percentage
of DPPH inhibition from the sample was calculated.

%Inhibition =
{
ABScontrol− ABSsample

ABS control

}
%100 (1)

A concentration (µM) versus % inhibition graph was plotted
using Graph pad prism 6.0. The IC50 was calculated for each
test compound. The experiment was also carried out without
having tested compounds to serve as a negative control. The same
experimental protocol was followed for ascorbic acid referred to
serve as a positive control. All experiments were performed in
triplicate (Molyneux, 2003).

Determination of Acute Toxicity in Animal
Model
Animals (n = 3) were divided into two groups. Group 1 received
B1 (1000 mg/kg), whereas group 2 received B8 (1000 mg/kg).
The animals were then observed for 24 h for their behavior and
mortality (Chinedu et al., 2013).

Data Analysis
The data were analyzed using the Graph Pad Prism 6.0 (Graph-
Pad, San Diego, CA, United States). Behavioral data were
analyzed by two-way ANOVA followed by post hoc Tukey’s
test for multiple comparison. Meanwhile, TNF-α contents were
analyzed by one-way ANOVA followed by Tukey’s post hoc test.
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Statistical differences were considered significant at p < 0.05
(∗p < 0.05; ∗∗p < 0.01, ∗∗∗p < 0.001). Data are presented as
mean± SEM unless otherwise indicated.

RESULTS

Effect of Benzimidazole Derivatives on
Repeated Morphine-Mediated Thermal
Hyperalgesia
Continuous morphine treatment led to a gradual decrease in
mean paw withdrawal latencies in hot plate tests and increased
thermal hypersensitivity. The decrease in mean paw withdrawal
latencies was significant starting from day 3 of morphine
treatment (vehicle-morphine group, 9 ± 1.3 s; ∗p < 0.05 relative
to vehicle-saline treated control group 14.2 ± 1.30 s, two-
way ANOVA, n = 9) (Figures 3A,B). On day 5 and 7, mean
paw withdrawal latencies of the vehicle-morphine group were
6.55 ± 0.37 s and 4.66 ± 0.408 s, ∗∗p < 0.01, two-way ANOVA
relative to the vehicle-saline treated the negative control group.
At 96 h after morphine withdrawal, there was a significant
decrease in mean paw withdrawal latency (4.66 ± 0.47 s,
∗∗∗p < 0.001 relative to vehicle-saline negative control group,
two-way ANOVA, n = 9) (Figure 3). Administration of the
benzimidazole derivative B1 (1 mg/kg) attenuated decreases in
paw withdrawal latency by repeated morphine administration,
which were 7 ± 1.57 s (∗p < 0.05) on day 5, 8.33 ± 0.66 s
(∗p < 0.05) on day 7, and 12 ± 1.43 s (∗∗∗p < 0.001) at 96 h
after withdrawal, relative to the vehicle-morphine group (two-
way ANOVA, n = 6) (Figure 3A). Paw withdrawal latency in
mice treated with B1 (9 mg/kg) was 10.66 ± 1.4 s (∗∗∗p < 0.001)
on day 7, and 9.5 ± 96 s (∗∗p < 0.01) at 96 h after withdrawal,
relative to the vehicle-morphine group (two-way ANOVA n = 6)
(Figure 3A). Mean paw withdrawal latency of the compound B8
(3 mg/kg) was 12.33 ± 1.38 s (∗∗p < 0.01) on day 5, 13 ± 1.59 s
(∗∗∗p < 0.001) on day 7, and 13 ± 1.46 s (∗∗∗p < 0.001) at
96 h after withdrawal vs. the vehicle-morphine treated group
(two-way ANOVA, n = 6) (Figure 3B). Mean paw withdrawal
latency of the B8 (9 mg/kg) was 11.66 ± 0.84 s (∗∗p < 0.01)
on day 5 relative to the vehicle-morphine treated group (two-
way ANOVA, n = 6) (Figure 3B). While mean paw withdrawal
latency of the B8 (1 mg/kg or 9 mg/kg) was 12.83 ± 1.13 s
(∗∗∗p < 0.001) or 12 ± 1.2 s (∗∗∗p < 0.001) on day 7, and
11.83 ± 1.66 s (∗∗∗p < 0.001) or 16 ± 0.93 s (∗∗∗p < 0.001) at
96 h after withdrawal, relative to the vehicle-morphine treated
group (two-way ANOVA, n = 6) (Figure 3B). Administration
of ketamine (10 mg/kg) attenuated repeated morphine-mediated
decreases in paw withdrawal latencies. The mean paw withdrawal
latency of the mice treated in the morphine-ketamine positive
control group was 12.83± 1.01 s (∗p< 0.05) on day 5, 13± 1.31 s
(∗∗∗p < 0.001) on day 7, and 11.16 ± 1.22 s (∗∗∗p < 0.001)
at 96 h after withdrawal, relative to the vehicle-morphine group
(two-way ANOVA, n = 6) (Figures 3A,B). Overall, these results
showed that repeated treatment with morphine resulted in a
decrease in paw withdrawal latency over the time, indicating a
gradual development of sensitivity to thermal stimuli. However,

FIGURE 3 | Effects of benzimidazole derivative, B1/B8, on morphine-induced
thermal hyperalgesia in mice. Mice of either gender (n = 6–10) received
intraperitoneal vehicle; vehicle+morphine (5 mg/kg); ketamine
(10 mg/kg)+morphine; (A) B1 (1 mg/kg, 3 mg/kg, or 9 mg/kg)+morphine or
(B) B8 (1 mg/kg, 3 mg/kg, or 9 mg/kg)+morphine injected twice daily for
6 days. Thermal pain sensitivity was measured performed prior to drug
administration (naïve baseline), every alternate day (1st, 3rd, 5th, and 7th day
at 08:30 h) during the drug treatment period 30 min after morphine/saline
injection and 96 h (9th day) after the last IP morphine injection by using
hotplate assay (54◦C ± 1◦C). Negative control animal received an equal
volume of vehicle. Analyzed by two-way ANOVA followed by Tukey’s post hoc
test. Data are expressed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

co-administration of benzimidazole derivatives reduced thermal
hyperalgesic effects of repeated morphine administration.

Effects of Benzimidazole Derivatives on
Repeated Morphine-Mediated
Mechanical Allodynia
Repeated morphine treatment led to a gradual decrease in the
paw withdrawal threshold. The decrease was significant starting
from day 3 of morphine administration at 0.87 ± 0.11 g
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FIGURE 4 | Effects of benzimidazole derivatives, B1/B8, on paw withdrawal
threshold during morphine-induced paradoxical pain in mice. Mice of either
gender (n = 6–10) received intraperitoneal vehicle; vehicle+morphine
(5 mg/kg); ketamine (10 mg/kg)+morphine; (A) B1 (1 mg/kg, 3 mg/kg or
9 mg/kg)+morphine or (B) B8 (1 mg/kg, 3 mg/kg or 9 mg/kg)+morphine
injected twice daily for 6 days. Paw withdrawal threshold was measured prior
to drug administration (naïve baseline), every alternate day (1st, 3rd, 5th, and
7th day at 08:30 h) during the drug treatment period 30 min after
morphine/saline injection and 96 h (9th day) after the last IP drug injection by
using von Frey filaments. Control animals received an equal volume of vehicle.
Analyzed by two-way ANOVA followed by Tukey’s post hoc test. Data are
expressed as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

(∗∗∗p < 0.001), 0.44 ± 0.062 g (∗∗∗p < 0.001) on day 5,
0.422 ± 0.064 g (∗∗∗p < 0.001) on day 7, and 0.351 ± 0.05 g
(∗∗∗p < 0.001) at 96 h after morphine withdrawal relative to the
vehicle saline group (two-way ANOVA, n = 9) (Figures 4A,B).
Mice receiving B1 (3 mg/kg) with morphine did not exhibit
a significant decrease in mean paw withdrawal latency, with
1.65± 0.184 g (∗∗∗p< 0.001) on day 3, 0.99± 0.18 g (∗∗p< 0.01)
on day 5, and 0.93 ± 0.08 g (∗∗p < 0.01) at 96 h after morphine
withdrawal relative to the vehicle-morphine group (two-way
ANOVA, n = 6) (Figure 4A). B1 (1 mg/kg) exhibited an increase

in mean paw withdrawal latency of 1.566 ± 0.194 g (∗∗p < 0.01)
on day 3 and 0.833± 0.128 g (∗p< 0.05) at 96 h after withdrawal,
relative to the vehicle-morphine group (two-way ANOVA, n = 6)
(Figure 4A). B1 (9 mg/kg) also showed an increase in mean
paw withdrawal latency 0.76 ± 0.136 g (∗p < 0.05) at 96 h after
morphine withdrawal relative to vehicle-morphine group (two-
way ANOVA, n = 6) (Figure 4A). Mice receiving B8 (1 mg/kg,
3 mg/kg and 9 mg/kg) with morphine did not exhibit a significant
decrease in mean paw withdrawal latency, indicating that B8
treatment attenuates the development of mechanical allodynia
due to repeated morphine treatment. The mean paw withdrawal
latency of B8 (3 mg/kg) or B8 (9 mg/kg) was 1.9 ± 0.063 g
(∗∗∗p < 0.001) or 1.7 ± 0.12 g (∗∗∗p < 0.001) on day 3,
1.95 ± 0.05 g (∗∗∗p < 0.001) or 1.81 ± 0.08 g (∗∗∗p < 0.001)
on day 5, 1.9 ± 0.063 g (∗∗∗p < 0.001) or 1.81 ± 0.132 g
(∗∗∗p < 0.001) on day 7, and 1.9 ± 0.063 g (∗∗∗p < 0.001)
or 1.66 ± 0.17 g (∗∗∗p < 0.001) at 96 h after withdrawal,
relative to the vehicle-morphine group (two-way ANOVA, n = 6)
(Figure 4B). The mean paw withdrawal latency of B8 (1 mg/kg)
was 1.05 ± 0.12 g (∗∗∗p < 0.001) on day 5, 1.2 ± 0.22 g
(∗∗p < 0.01) on day 7, and 1.5 ± 0.22 g (∗∗∗p < 0.001) at
96 h after withdrawal, relative to the vehicle-morphine group
(two-way ANOVA, n = 6) (Figure 4B). Administration of
ketamine (positive control group) with morphine also did not
show a significant decrease in mean paw withdrawal latency at
1.9 ± 0.063 g (∗∗∗p < 0.001) on day 3, 2 ± 0 g (∗∗∗p < 0.001)
on day 5, 1.95 ± 0.05 g (∗∗∗p < 0.001) on day 7, and
1.95 ± 0.05 g (∗∗∗p < 0.001) at 96 h after withdrawal, relative
to the vehicle-morphine group (two-way ANOVA, n = 6)
(Figures 4A,B). These data showed that treatment with morphine
on day 1 to day 6 results in an increase in tactile sensitivity
compared with the control. Moreover, co-administration of
benzimidazole derivatives reduced the allodynic effect of repeated
morphine administration.

Effect of Benzimidazole Derivatives on
Repeated Morphine-Mediated Thermal
Nociceptive Test
Repeated morphine treatment led to the development of
significant increase in thermal pain sensitivity. The increase in
pain sensitivity was 3.77 ± 0.27 s (∗p < 0.05) on day 3 relative
to the vehicle-saline group (two-way ANOVA n = 9). Mean
latency time of the vehicle-morphine group was 3.22 ± 0.27 s
(∗∗∗p < 0.001) on day 5, 2.66 ± 0.33 s (∗∗∗p < 0.001) on day
7, and 2.77 ± 0.406 s (∗∗∗p < 0.001) at 96 h after withdrawal,
relative to the vehicle-saline group (two way-ANOVA. n = 9)
(Figures 5A,B). Mice receiving B1 (9 mg/kg) showed an increase
in latency time. The mean latency time of B1 (9 mg/kg) was
8.66 ± 1.45 s (∗p < 0.05) on day 3 and 5.5 ± 1.23 s (∗p < 0.05)
at 96 h after withdrawal, relative to the vehicle-morphine group
(two-way ANOVA, n = 6) (Figure 5A). Administration of B8
with morphine showed an increase in latency time. The mean
latency times of the B8 (3 mg/kg) and B8 (9 mg/kg) were
10 ± 0.33 s (∗∗∗p < 0.001) or 9.5 ± 0.42 s (∗∗∗p < 0.001)
on day 3, 7.5 ± 0.34 s (∗∗∗p < 0.001) or 8.66 ± 0.84 s
(∗∗∗p< 0.001) on day 5, 8.16± 0.79 s (∗∗∗p< 0.001) or 6± 0.63 s
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FIGURE 5 | Effects of benzimidazole derivative, B1/B8, on tail latency with
thermal nociception during morphine-induced paradoxical pain in mice. Mice
of either gender (n = 6–10) received intraperitoneal vehicle; vehicle+morphine
(5 mg/kg); ketamine (10 mg/kg)+morphine; (A) B1 (1 mg/kg, 3 mg/kg or
9 mg/kg)+morphine or (B) B8 (1 mg/kg, 3 mg/kg or 9 mg/kg)+morphine
injected twice daily for 6 days. Thermal pain sensitivity was measured prior to
drug administration (naïve baseline) every other day (1st, 3rd, 5th, and 7th day
at 08:30 h) during the drug treatment period 30 min after morphine/saline
injection and 96 h (9th day) after the last IP drug injection by using water bath
(45◦C ± 1◦C). Control animals received an equal volume of vehicle. Analyzed
by two-way ANOVA followed by Tukey’s post hoc test. Data are expressed as
mean ± SEM. ∗p < 0.0, ∗∗p < 0.01, ∗∗∗p < 0.001.

(∗∗∗p < 0.001) on day 7, and 8.3 ± 0.80 s (∗∗∗p < 0.001) or
7.5 ± 1.1 s (∗∗∗p < 0.001) at 96 h after withdrawal, relative to
vehicle-morphine group (two-way ANOVA, n = 6) (Figure 5B).
Administration of the vehicle-ketamine positive control group
also showed a significant increase in latency time at 5.66± 0.55 s
(∗p < 0.05) on day 5, 6.33± 0.421 s (∗∗∗p < 0.001) on day 7, and
6± 0.44 s (∗∗p< 0.01) at 96 h after withdrawal, relative to vehicle-
morphine group (two-way ANOVA, n = 6) (Figures 5A,B).
The results showed that on the first day of testing, all groups
exhibited comparable baseline tail flick latencies. Repeated IP
administration of morphine across time resulted in a reduction
of tail flick response, indicating an increased sensitivity to painful

stimuli. However, co-administration of benzimidazole derivatives
reduced tail flick latencies across these treatment periods.

Effect of Benzimidazole Derivative on
TNF-α in Morphine Treated-Mice
Spinal cord tissue isolated from the morphine-administrated
animal group showed an increase in TNF-α expression of
1.2 ± 50.01 pg/mg protein (∗p < 0.05) compared to saline
group (n = 3 per group) (Figures 6A,B) (one-way ANOVA).
B1 (3 mg/kg) resulted in a decrease in TNF-α expression
of 0.96 ± 0.02 pg/mg protein (∗p < 0.05) corresponding to
morphine-treated mice (n = 3 per group) (Figure 6A) (one-
way ANOVA). Meanwhile, administration of B8 (3 mg/kg) also
decreased TNF-α expression, at 0.94 ± 0.04 pg/mg protein
(∗∗p < 0.01) corresponding to morphine-treated mice (n = 3
per group) (Figure 6B) (one-way ANOVA). Administration
of ketamine also showed a decrease in TNF-α expression of
81.81 ± 1.22 pg/mg protein (∗∗∗p < 0.001) corresponding
to morphine-treated mice (n = 3 per group (Figures 6A,B)
(one-way ANOVA).

Antioxidant Effect
The result of concentration-dependent free radical scavenging
activity of B1, B8 and ascorbic acid are shown in (Table 1). The
IC50 was calculated for each compound. B1 showed a radical
scavenging affect, with an IC50 value of 293 µg/ml. The B8
possesses less antioxidant potential, with an IC50 value of more
than 1000 µg/ml. Ascorbic acid showed its antioxidant potential
with an IC50 value of 241 µg/ml.

Acute Toxicity in Animal Model
All mice survived and no change in animals’ behavior was
observed after 24 h of B1 and B8 administration (data not shown).

DISCUSSION

The present study demonstrates that administration of
benzimidazole derivatives, B1 and B8, attenuated morphine-
induced hyperalgesia and allodynia (Figures 3–5) and decreased
the expression of TNF-α (Figure 6). The study also showed that
paradoxical pain decreases the analgesic action of morphine
(Figures 3–5). Previous studies (Nichols et al., 1997) and the
present results indicate that an increase in pain threshold latency
against noxious mechanical and thermal stimuli in morphine-
treated mice indicates the analgesic effect of benzimidazole
derivatives, involving reduced TNF-α expression.

The mechanism underlying the sustained morphine-
mediated paradoxical pain including hyperalgesia
and allodynia is not entirely clear. Opioid-induced
hyperalgesia and allodynia in mice suggest that cross-
interaction between hypersensitivity mechanisms exists
during the process of neuropathic pain and continued
opioid treatment (Raghavendra et al., 2002). It has been
postulated that central neuro-immune activation and neuro-
inflammation contributes to the persistent pain mechanism
(DeLeo and Yezierski, 2001; Milligan and Watkins, 2009).

Frontiers in Neuroscience | www.frontiersin.org 6 February 2019 | Volume 13 | Article 101183

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00101 February 9, 2019 Time: 17:19 # 7

Idris et al. New Targets for Paradoxical Pain

FIGURE 6 | Effects of benzimidazole derivative, B1/B8, on spinal TNF-α
expression during morphine withdrawal in mice. (A,B) At 96 h after the last
dose of morphine, the animals were sacrificed after performing behavioral
testing; spinal cords were isolated and stored at –80◦C. The spinal cord was
homogenized as described in the method section and the TNF-α levels were
measured by ELISA assay. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Analyzed by
one-way ANOVA followed by Tukey’s post hoc test.

The CNS glial cells play an important part in the amplification
of neuronal pain. Glial cells are activated after nerve injury
through a specific signal detected by microglial cells. Activated
microglial cells release multiple proinflammatory mediators in
the spinal cord. It has been reported that in neuropathic
pain, either due to nerve damage or peripheral inflammation,
pro-inflammatory mediators such as TNF-α increase in the
spinal cord (DeLeo and Yezierski, 2001). Released spinal pro-
inflammatory mediators (Ji and Strichartz, 2004) increase the

excitability of primary neurons in response to external stimuli
(Gardell et al., 2002). Chronic morphine treatment elevates TNF-
α concentrations (Raghavendra et al., 2002) in neuropathic pain.
Previous studies showed that central or peripheral administration
of TNF-α induces hyperalgesia and allodynia in rodents (Peterson
et al., 1998) and postulated that cytokines might interact with
opioid receptors and modulate their actions (Raghavendra
et al., 2004). Increased pro-inflammatory mediators in sustained
morphine-treated mice increase the behavioral hypersensitivity
to noxious and non-noxious stimuli observed during the
morphine administration period (Figures 3–5). Furthermore,
sustained opioid treatment activates glial cells indirectly by
stimulating excitatory neurotransmitter release from the central
termini of the primary sensory neurons and/or from second-
order spinal neurons or by inhibiting descending facilitatory
mechanisms (Ossipov et al., 2005). In line with these studies,
the present study revealed that pro-inflammatory mediators were
elevated in the spinal cord of sustained morphine-treated mice, as
evidenced by increased TNF-α concentrations in the spinal cord.

It has been reported that N-methyl-D-aspartate (NMDA)
signaling might be involved in the pain amplification mechanism
of morphine-treated mice. Glutamate is released from primary
afferent neurons in response to acute and more persistent chronic
pain. Glutamate, the excitatory amino acid, produces its effect
through the NMDA receptor (Basbaum et al., 2009). Activation
of the NMDA receptor leads to elevated responsiveness and
increased activity of dorsal horn neurons that cause central
sensitization such as tactile allodynia and hyperalgesia (Basbaum
et al., 2009). Thus, the NMDA pathway enhances spinal
mechanisms in tissue damage and has an important role both
in the induction and maintenance of pain. The inhibition of
the NMDA pathway with ketamine, an NMDA antagonist, was
explored as an analgesic activity in great depth (D’Mello and
Dickenson, 2008). In the current study, that administration of
ketamine (10 mg/kg) substantially decreased morphine-induced
hyperalgesia and allodynia in sustained morphine-treated mice
suggests that the opioids may elicit NMDA-dependent pain
hypersensitivity (Figures 3–5). This is due to the fact that
there is a widespread distribution of NMDA receptors, so the
administration of antagonist will not only target pathology but

TABLE 1 | Antioxidant activity evaluation by DPPH method (mean ± SEM).

Concentration
(µg/ml)

Percentage of inhibition

B1+DPPH B8+DPPH Ascorbic acid

1 2.039 ± 0.48 1.31 ± 0.14 2.16 ± 0.18

3 6.07 ± 2.79 2.10 ± 0.43 4.31 ± 0.45

10 7.95 ± 3.38 4.16 ± 0.01 4.23 ± 0.33

100 24.96 ± 0.08 7.36 ± 0.44 15.95 ± 0.72

300 50.78 ± 0.59 7.49 ± 2.32 64.18 ± 0.13

700 62.96 ± 0.51 10.24 ± 2.56 92.22 ± 0.01

1000 65.59 ± 1.23 18.36 ± 0.006 93.29 ± 0.09

Blank (negative
control)

3.99 3.99 3.34

IC50 293 µg/ml More than 1000 µg/ml 241 µg/ml
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will also affect the normal essential NMDA signaling. In this way,
patients taking NMDA antagonist are associated with adverse
effects (D’Mello and Dickenson, 2008).

To increase the efficacy of opioids, inhibition of glial cell
activity might be effective (Song and Zhao, 2001). Unfortunately,
currently available “classical” glial pro-inflammatory inhibitors
are either toxic (fluorocitrate) or are not specific for glia
(minocycline and propentofylline) (Raghavendra et al., 2002). So,
potentially more demanding and selective methods are required
to modulate glial cell activity.

Peroxisome proliferator-activated receptor gamma (PPARγ)
belongs to a family of nuclear receptors. PPARγ has been
expressed in the cells of monocytes or macrophage lineages
inclusive of brain microglial cells. PPARγ inhibits microglial
cell action by impeding the expression of a number of
PPARγ-regulated genes that become elevated during the cellular
process (Breidert et al., 2002). Mediators that were prevented
by PPARγ ligands were proinflammatory cytokines such as
TNF-α (Breidert et al., 2002). Recent research indicates that
PPARγ-mediated inhibition of glial cell activation plays an
important part in their efficacy in neuropathic pain. Therefore,
we hypothesized that glial cell PPARγ agonists might be able to
inhibit morphine-mediated spinal glial cell activation and thus
arrest paradoxical pain.

Benzimidazole derivatives, B1 or B8, are promising and
have interesting therapeutic potential for pain management.
Benzimidazole moieties accomplish the possible structural
specifications that are necessary for anti-inflammatory activity
along with analgesic potential (Akhtar et al., 2017). It was
also suggested that the analgesic effects of the benzimidazole
derivative might possibly be due to PPARγ-mediated inhibition
of glial cells. The effect of benzimidazole derivatives were studied
by in vivo and in vitro methods. B1 (1 or 9 mg/kg) increases
the reaction time to the hot plate test and (9 mg/kg) increases
latency time to thermal nociception. von Frey filament test results
showed that B1 increases the paw withdrawal threshold at all
three doses (1, 3, or 9 mg/kg) while B8 (1, 3, or 9 mg/kg) increases
the reaction time to hot plate, latency time to thermal nociception
and paw withdrawal threshold. All these results show that B8 is
more effective at all three doses compared to B1. Benzimidazole
derivatives B1 or B8 (3 mg/kg), reduce TNF-α expression in
the lumbar spinal cord of the morphine-treated mice in ELISA,
indicating a reduction in proinflammatory contents.

Taken together, these data suggest that administration of
benzimidazole derivatives B1 and B8 may attenuate the neuro-
inflammatory consequence of long-term opioid agonist therapy
as it attenuates the upregulation of TNF-α in the lumber
spinal cord of morphine-withdrawn mice (Figure 6), indicating
that benzimidazole derivatives’ administration may be an
effective method to reduce the pro-inflammatory consequence of
sustained opioid analgesic treatment.

The in vitro antioxidant activities of the benzimidazole
derivatives were also investigated by DPPH free radical
scavenging assay. Antioxidants from DPPH free radical
scavenging are due to their hydrogen donating ability. The
antioxidant potential of the selected compounds was ascorbic
acid> compound B1 > compound B8 on the basis of their
calculated IC50 value (Table 1).

The acute toxicity showed the safety of benzimidazole
derivatives, as no mortality or other significant gross behavioral
changes were observed at 1000 mg/kg, which showed the safety
of benzimidazole derivatives up to 1000 mg/kg.

It was reported that repeated opioid administration leads
to paradoxical pain sensitivity, resulting in a need to intensify
opioid doses during the treatment duration of chronic pain
(Vanderah et al., 2001). However, elevated doses exaggerate the
side effects of opioids such as constipation, respiratory depression
and addiction liability. Our present results anticipate a unique
pharmacological prospective that the benzimidazole derivatives
attentuate morphine-induced paradoxical pain and neuro-
inflammatory outcomes. Benzimidazole derivatives increase both
the efficacy and duration of action of the opioid analgesics, which
might offer them as novel therapeutic agents for opioid-induced
paradoxical pain.

CONCLUSION

In conclusion, the present study clearly demonstrates
that benzimidazole derivatives: N-[(1H-benzimidazol-2-
yl)methyl]-4-methoxyaniline, N-{4-[1H-benzimidazol-2-
yl)methoxy]phenyl} acetamide exhibit analgesic effects due
to PPARγ agonist activity, which indicates their therapeutic
prospective in morphine-induced paradoxical pain. However,
further studies are warranted to conduct pharmacokinetics and
extensive toxicity studies of these compounds. It is also suggested
that further research on underlying principles of neuro-immune
pathways of opioid-induced paradoxical pain is required that
would improve the clinical management of opioid therapy and
also in the management of chronic pain syndromes.
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Almost half of patients treated on intensive care unit (ICU) experience moderate to
severe pain. Managing pain in the critically ill patient is challenging, as their pain is
complex with multiple causes. Pharmacological treatment often focuses on opioids,
and over a prolonged admission this can represent high cumulative doses which risk
opioid dependence at discharge. Despite analgesia the incidence of chronic pain after
treatment on ICU is high ranging from 33–73%. Measures need to be taken to prevent
the transition from acute to chronic pain, whilst avoiding opioid overuse. This narrative
review discusses preventive measures for the development of chronic pain in ICU
patients. It considers a number of strategies that can be employed including non-
opioid analgesics, regional analgesia, and non-pharmacological methods. We reason
that individualized pain management plans should become the cornerstone for critically
ill patients to facilitate physical and psychological well being after discharge from critical
care and hospital.

Keywords: critical care, pain, chronic pain, analgesics, opioids

INTRODUCTION

The first intensive care units (ICU) were established in the United States during the 1960s, and
since this time remarkable achievements have been made in survival rates of critically ill patients
(Marini, 2015). However, prolonged periods of hospitalization in the ICU environment can impact
significantly on patients’ overall wellbeing, at discharge from both ICU and hospital (Griffiths et al.,
2013). Research regarding patient outcomes following ICU admission led to the development of the
term “post-intensive care syndrome” (PICS). This term encompasses new or worsening physical,
cognitive or mental health following a critical illness (Needham et al., 2012). This can include sleep
deprivation, fatigue, weakness and chronic pain, alone or in combination and is common following
hospital discharge after ICU treatment (Sukantarat et al., 2007; Timmers et al., 2011). It can be
accompanied by anxiety, depression, post-traumatic stress disorder (PTSD) and deterioration in
mental processing speed, memory, executive functioning and attentiveness (Sukantarat et al., 2007).
These changes can persist up to 2 years following ICU discharge (Herridge et al., 2003, 2011).
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Therefore the development of chronic pain following ICU care as
part of PICS or in isolation is an important patient outcome.

Most patients admitted to ICU receive opioids, commonly
as part of analgesia and sedation regimens. A lack of adequate
analgesia and acute pain can lead to chronic pain developing.
Whilst ensuring patient comfort and alleviating pain is an
essential aspect of patient care, the use of opioids for symptom
control may not always represent an ideal approach. Opioid
use can be associated with potential short and long term
consequences, however, their development in patients after ICU
discharge is not known. High cumulative doses or long term
opioid use within critical care could lead to opioid dependence,
tolerance, addiction, and physiological effects, such as hormone
and immune system changes (Ballantyne and Mao, 2003).
Tolerance occurs when there is a progressive decrease in the
pharmacodynamic response to the drug and can be compensated
by increasing the dose. This contrasts with dependence where
a “physical effect, abstinence syndrome is seen upon abrupt
drug withdrawal” (American Psychiatric Association, 2013).
Addiction is a chronic disease, characterized by psychological
dependence and an irreversible neurobiological disease with
compulsive drug use (American Psychiatric Association, 2013).
Opioid tolerance and/or dependence could be expected during
and after ICU admission for patients who have received high or
lengthy opioid dose regimens, however, there is little evidence
regarding the incidence of these phenomena occurring and their
impact on patients. The dichotomy then exists for critically ill
patients of either having inadequate analgesia and developing
chronic pain or having high doses of opioid analgesia and
developing consequences such as dependence or long term use.
The psychological and economical burdens of either of these
are significant to patients, their families and society in general
(Griffiths et al., 2013). It is therefore important to understand
the reasons behind commencing opioid therapy for patients
in ICU and determining whether it should continue at ICU
discharge. This article aims to consider the emerging field of
pain management within the ICU setting and outline possible
management options to minimize both chronic pain and long
term opioid use following ICU discharge.

METHODS

This narrative review aims to present the available evidence
regarding both chronic pain and opioid dependence following
ICU discharge. Additionally, it will review potential treatments
and strategies to reduce the likelihood of patients developing
chronic pain and opioid dependence following their ICU stay.
The review focuses on adult patients. The search strategy was
designed to find evidence which directly evaluated chronic
pain. The terms used alone and in combinations were “chronic
pain, critical illness,” “chronic pain, critical care,” “chronic
pain, intensive care,” “opioids, critical illness,” “analgesics,
opioids, critical care” “analgesics, non-narcotics, critical illness,”
“analgesics, non-narcotics, critical care,” “sleep deprivation,
critical illness,” “sleep deprivation, acute pain” in PubMed. The
search period was for articles between January 1989 and August

2017. Articles were written in the English language and included
those based on expert selection, open and blinded studies,
reviews, meta-analysis, commentaries and editorials, related to
the described MESH terms. From 5722 articles, we retrieved
n = 184 articles based on the above criteria. In addition to the
database search, we reviewed articles from reference sections in
relevant articles to include additional articles not found by the
original search. For analysis of chronic post ICU pain (CPIP)
and chronic opioid use after ICU, articles were excluded if they
didn’t clearly state in the methods that patients were treated in
the ICU, that included pediatric patients, that did not clearly
refer to chronic pain and chronic opioid use after ICU discharge.
Nine articles were included for analysis of chronic pain after ICU
(Granja et al., 2002; Boyle et al., 2004; Korošec Jagodič et al., 2006;
Jenewein et al., 2009; Timmers et al., 2011; Battle et al., 2013;
Griffiths et al., 2013; Choi et al., 2014; Baumbach et al., 2016) and
one article for chronic opioid use (Yaffe et al., 2017).

Chronic Pain After ICU
Definition
There is no widely accepted definition of chronic pain after ICU
discharge (CPIP). Applying the definition for chronic pain used
in the ICD 11 classification for the purpose of this review, we
define chronic pain after ICU discharge as “pain persisting or
recurring 3 months” after ICU discharge (Treede et al., 2015).
There are no definitions for the type of pain (for example
nociceptive, neuropathic or visceral), encompassed by CPIP and
no studies included defined pain by type.

Incidence and Location
It is difficult to ascertain an exact incidence of CPIP. Nine
articles reported incidence that varied widely between studies
ranging from 33–73% (see Table 1). A variety of methods
were used to evaluate CPIP between studies, which could
account for these findings. Studies lacked consensus regarding
the observation period in which chronic pain was evaluated. It
ranged from 2 months to 11 years. Only one study considered
pre-existing chronic pain, an important confounding factor
(Baumbach et al., 2016). Other studies controlled for additional
confounders such as age or gender. Study designs included
comparisons to different control groups including septic vs. non-
septic patients, ICU patients with and without CPIP, and age-
and gender-matched individuals from the general population
(Jenewein et al., 2009; Timmers et al., 2011; Baumbach et al.,
2016). One study considered the bodily location of pain, which
was found in approximately a fifth of patients at the shoulder
(Battle et al., 2013).

Risk Factors
Little is known about risk factors for developing chronic pain
following ICU discharge. Five studies have attempted to explore
these (see Table 2) considering the influence of ICU admission,
ICU length of stay, duration of mechanical ventilation and
duration of sepsis on the development of CPIP. Battle et al.
(2013) identified an increased patient age and a diagnosis of
“sepsis” as risk factors for CPIP. They further identified pain
localised in the shoulder was influenced by “sepsis” and ICU
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TABLE 2 | Risk factors for chronic post ICU pain.

Primary author and year Patient population Sample size Risk factors identified

Battle 2013 Medical and surgical ICU 196 Increasing age and sepsis risk for chronic pain using multivariate analysis

Baumbach 2016 Medical and surgical ICU 207 Sepsis was not a risk factor for chronic pain

Boyle 2004 Medical and surgical ICU 52 (6 months) Chronic pain patients had longer hospital LOS and longer time of ventilation

Granja 2002 Medical and surgical ICU 275 Surgical or trauma diagnosis associated with pain/discomfort using multiple
logistic regression

Timmers 2011 Surgical ICU 575 Patient sex and trauma surgery independently associated with pain/discomfort

LOS, length of stay.

length of stay (Battle et al., 2013). However, Baumbach et al.
(2016) did not identify a diagnosis of sepsis as a risk factor
for CPIP when accounting for the presence of persistent pain
prior to ICU admission. Granja et al. (2002) found, however,
that the main diagnosis of disease at ICU admission was a
risk factor for developing pain and discomfort 6 months after
ICU discharge, with patients admitted for trauma or surgery
more likely to have CPIP. Both Timmers et al. (2011) and
Baumbach et al. (2016) did not find ICU length of stay or
days of mechanical ventilation influenced the development of
CPIP. Although CPIP was evaluated using verbal descriptors or
visual analogue scales (VAS) for pain intensity in four studies,
pain intensity was rarely considered in studies, rather presence
or absence of pain. As such, it is impossible to conclude if
acute pain intensity whilst in ICU influences the development
of CPIP (Griffiths et al., 2013; Choi et al., 2014). Therefore
there is a paucity of evidence regarding predisposing factors to
developing CPIP.

Observational data from Europe regarding the development
of chronic post surgical pain (CPSP) highlights preexisting
persistent pain as being associated with a 2.6 times higher
risk of developing CPSP (Fletcher et al., 2015). Moreover, the
percentage of time in severe pain on day one post surgery
was found to be predictive of developing CPSP (Fletcher et al.,
2015). Unfortunately there is a paucity of evidence to support
this finding with respect to CPIP, as only one study considered
this and did not identify it as an independent risk factor (Choi
et al., 2014). Kemp et al. (2017) showed that 35.5% of ICU
patients had a doctor assess pain and few used validated pain
assessment tools. If healthcare professionals fail to assess pain,
not only does this mean management may not be optimal,
but using the analogy of CPSP, untreated acute pain in ICU
could predispose to developing CPIP. Studies investigating the
connection between CPIP and pain experienced by patients
whilst in ICU are therefore needed.

Consequences of CPIP
Unsurprising, CPIP affected the physical, psychological and
social well-being of patients. CPIP was found to compromise
normal everyday living including normal work, walking,
relationships with friends and family, activity, mood and sleep
(Baumbach et al., 2016; Puntillo and Naidu, 2016). Baumbach
et al. (2016) found that 60% of patients who developed CPIP
found this moderately to severely interfered with their daily
life, family activities and work. Furthermore family members
who care for ICU survivors with moderate and severe pain

demonstrated higher distress scores themselves (Griffiths et al.,
2013). Chronic pain in general is “highly comorbid with
anxiety and depression” and whilst this might also be the
case for CPIP, no studies found this association (Katz et al.,
2015). CPIP was found to be associated with PTSD (Jenewein
et al., 2009). Whilst severe accidental injury requiring ICU
admission is likely to lead to physical disability it is notable
that in a prospective follow up study of ICU survivors who
experienced severe accidental injuries, those with CPIP had
a significantly more frequent presence of physical disability,
occupational invalidity and absence from work than those pain
free up to 3 years following their injury (Jenewein et al., 2009).
Overall these data represent the high burden CPIP places on
ICU survivors.

With the limited information available we can conclude that
the incidence of CPIP is high, however, there is conflicting
evidence supporting predisposing risk factors to its development.
Bodily localization, pain intensity and type of pain CPIP
encompasses are rarely investigated, and there was no evidence
to consider the link between pain experienced during a patients
ICU stay and the development of CPIP.

Chronic Opioid Use After ICU Discharge
Intensive care unit patients risk continuing opioids following
ICU discharge and potentially after leaving hospital due to
management of CPIP. Chou et al. (2009) adapted Von Korff
et al. (2008) definition of chronic opioid therapy as “daily or
near-daily use of opioids for at least 90 days, often indefinitely.”
One study was identified that considered opioid use following
ICU discharge. Yaffe et al. (2017) investigated opioid use
in ICU survivors with surgical and non-surgical diagnoses
by retrospectively analyzing electronic patient charts. They
identified opioid use in 12.2% of patients at hospital discharge.
This proportion fell to 4.4% when re-evaluated 48 months later.
No difference was found regarding chronic opioid use between
medical and surgical patients. There was a “discrepancy” noticed
by the authors between reported high incidence of CPIP and
low chronic opioid use. This was hypothesized to reflect non-
opioid pain management, a change in opioid prescribing for
non-cancer pain and the lack of adequate tools to define chronic
pain syndromes. However, chronic opioid use prior to ICU
admission and length of hospital stay were associated with post-
discharge chronic opioid use (Yaffe et al., 2017). The study,
however, did not evaluate consequences of long-term opioid
use or the intensity and type of pain experienced by chronic
opioid users.
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It is obvious that moderate and severe acute pain experienced
by patients in ICU requires opioid therapy; however, a balance is
required to ensure patients are comfortable throughout their ICU
admission without predisposing them to require opioids long
term after ICU discharge. Certainly, further exploration into the
incidence and consequence of chronic opioid use following ICU
admission is important especially in light of current concerns
regarding long term opioid use in general.

Preventive Measures
There is little evidence to support specific risk factors in
developing CPIP, however, preventative measures should in the
first instance be extrapolated from CPSP literature that supports
managing acute pain to reduce the risk of transition to chronic
pain states. There are few papers considering interventions
targeted at acute pain management within the ICU setting
and altered critical care outcomes. Evidence suggests, however,
that simply performing regular validated pain assessments
is associated with improved patient outcomes (Payen et al.,
2009; Skrobik et al., 2010). Below pharmacological and non-
pharmacological measures are explored that consider predicting
those at risk in the pre ICU stage, managing acute pain within
the ICU admission and management following discharge which
could reduce the transition from acute pain to CPIP.

Pre-ICU Admission: Assessment of Risk Factors
Detailed analysis of a patients’ preadmission state might play a
significant role in identifying those at risk of developing CPIP.
Patients with increasing age, and a diagnosis at ICU of trauma, or
surgery should be considered as high risk. Additionally, evidence
from CPSP suggests a more pre-emptive management strategy
including a pre-emptive analgesia model using antidepressants
or anticonvulsants early during the ICU stay could influence the
development of CPIP. Utilizing both pain focused psychological
management and physiotherapy early in ICU admission could
also reduce risk. Furthermore, a history of opioid use or
misuse prior to admission should lead to careful use of opioids
during admission.

During ICU Admission
Each patient should have an individualized pain management
plan. This should account for the leading health problem and
comorbidities, avoid medications that could deteriorate the
patients critically ill state and aim to cover pain management
throughout the patient’s ICU stay. This plan should be flexible
to account for changes in treatment and clinical condition.
The ABCDEF Bundle is an evidence based flexible framework
that is a multimodal and multidisciplinary, patient and family
centered approach for the management of the critically ill patient.
“A” within the bundle represents “Assessment, Prevention, and
Management of Pain” (Ely, 2017). This is a useful starting point
for the pain management plan.

The American College of Critical Care Medicine (ACCM)
recommends regular and meticulous assessment of pain and
sedation, followed by careful titration of opioids and sedatives
(Barr et al., 2013; Devlin et al., 2018) and prevention and
treatment of procedural pain (Barr et al., 2013). Targeting

analgesic doses to patients by using pain assessment ensures
individualized treatment and is associated with a reduction of
analgesic consumption. Pain assessment should ideally use self
reported scales such as the numeric rating scale (Chanques
et al., 2010), however, this can be limited by functional disability
from critical illness. It is imperative to ensure pain is evaluated
by an alternative method in the non-communicative patient
(Laycock and Bantel, 2016). Here, the ACCM recommend
using The Behavioral Pain Scale (BPS) or the Critical-Care
Pain Observation Tool (CPOT) (Barr et al., 2013; Devlin
et al., 2018). Whilst non-subjective measures of pain have
been developed which include new objective tools based on
physiological variables including electroencephalography, flexion
reflex, and pupillometry, their utility in the critically ill has
been conflicting. The analgesia nociceptive index, using heart
rate variability as response of the autonomic nervous system,
showed no correlation with BPS (Broucqsault-Dédrie et al.,
2016). Pupillometry was used for pain measurement during
endotracheal suctioning, but pupil size is influenced by multiple
factors which could confound the response (Paulus et al., 2013).
Nociception flexion reflex (NFR) threshold is based on scoring a
patient’s protective withdrawal reflex (Skljarevski and Ramadan,
2002) and although results correlate with self-reported pain, the
lack of a standardized scoring system limits its clinical application
(Cowen et al., 2015). A biological marker that measures the
genetic response through protein synthesis represents an ideal
objective method of measuring pain, however, nociception is
complex. It involves neuroendocrine and inflammation responses
which affect multiple systems. In this respect a combination of
several biological markers could represent the panacea of pain
assessment in the critically unwell (Cowen et al., 2015). Until
this is developed self report and behavioral tools mentioned are
the most evidence based methods to ensure targeting analgesia to
evaluate efficacy.

Pharmacological interventions
Pain should represent the principle tenant of analgosedation
management in critical care. Pain and discomfort is
recommended to be addressed prior to sedative use and
escalation. This approach has been shown to shorten length
of mechanical ventilation and ICU stay (Devabhakthuni et al.,
2012). Using the analogy with post-operative pain where
multimodal analgesia (MMA) is widely accepted, in the critically
ill patient this principle can provide an opioid sparing effect
and better quality of analgesia (Payen et al., 2013; Wick et al.,
2017). One of the rare studies investigating MMA in ICU, found
that MMA reduced doses of sedatives when used for baseline
pain management, procedural pain, pain related to disease, and
discomfort caused with mechanical ventilation (Payen et al.,
2013). The authors suggest that MMA concept can be applied to
a wider number of critically unwell patients not just for patients
with lower illness severity scores and ability to self rate their pain
intensity (Payen et al., 2013). However, its application can be
challenging in the critically unwell as multi organ insufficiency,
preexisting comorbidities and polypharmacy can hinder drug
choice and combinations. As physiologically unwell patients
present with variable pharmacodynamics and kinetics, frequency,
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severity and types of pain conditions, it is suggested that methods
of dosing medications should be individualized, as well as mode
of intravenous delivery (intermittent vs. continuous), and route
(oral, intravenous, or through the catheters for epidural or
regional blocks) (Barr et al., 2013).

Opioids. Intravenous opioids are the mainstay of treating
moderate to severe non-neuropathic pain in ICU (Barr
et al., 2013). However, their side effect profile includes
immunosuppression, hypotension, respiratory depression, chest
wall rigidity and gastro-enteric dysmotility (Devabhakthuni et al.,
2012). Some side effects can be dose dependent such chest
wall muscle rigidity. Choice of opioid remains controversial
as whilst remifentanil pharmacokinetic profile, with rapid
offset and minimal drug accumulation, has advantages over
fentanyl and morphine (Devabhakthuni et al., 2012), prolonged
use can lead to tolerance and opioid induced hyperalgesia
(Pandharipande and Ely, 2005).

A history of opioid use or misuse prior to critical care
admission presents a challenge. As with surgical patients on
chronic opioids, normal pre-admission opioid doses should be
continued as a baseline should the patients’ physiology allow
it. Additional short acting opioids, ideally as patient controlled
analgesia, can be used for additional pain needs alongside other
multimodal strategies. Where oral administration of medications
is not possible, pre-admission oral medications should be
changed to intravenous forms (Peng et al., 2005; Alford et al.,
2006; Mehta and Langford, 2006). Prior to ICU discharge, there
should be carefull tapering of opioids where appropriate to ensure
long term opioids are not continued unnecessarily leading to
chronic opioid use (Azzam and Alam, 2013). The aim should be
to return patients to at most the doses they were taking prior to
critical care admission. Iatrogenic withdrawal syndrome (IWS)
caused by abrupt tapering of opioids in adult ICU patients is
rarely explored in the literature. Small cohort studies recorded
IWS in 16–32% opioid treated adult ICU patients (Cammarano
et al., 1998; Wang P.P. et al., 2017). Wang P.P. et al. (2017)
identified risk factors including a higher cumulative opioid dose
and longer time of opioid use. There are no studies considering
how best to taper opioids in the critically ill adult. Consensus
guidelines from pediatric intensive care where tapering of opioids
and sedatives is common place, suggest no specific regimen,
however, one could consider reducing 5–10% of daily dose every
24 h (Playfor et al., 2006). Other potential options to reduce
the risk of IWS include the use of methadone, alpha-2 agonists
or NMDA receptor antagonists alone or in conjunction during
opioid reduction (Puntillo and Naidu, 2016).

Non-opioid analgesics. Non-opioid analgesics are recommended
for use in ICU to reduce or terminate use of opioids and therefore
reduce opioid side effects (Barr et al., 2013). Paracetamol and
non-steroidal anti-inflammatory drugs (NSAIDs) safety profile
and effectiveness are rarely and incompletely studied in critically
ill patients (Elia et al., 2005; Barr et al., 2013). NSAIDs inhibit
cyclooxygenase (COX) enzyme and this result in prostaglandin
production reduction. COX-2 inhibitors are developed for
selective inhibition of COX-2 enzyme isoform and show reduced
risk for gastric bleeding compared to NSAIDs. Both are associated

with numerous side effects, the most important of which in
the critically ill are risks associated with renal insufficiency,
cardiac failure and bleeding (Curtis et al., 2004). The antipyretic
and analgesic effects of paracetamol are in part explained by
selective COX inhibition within the central nervous system,
and also indirect effects via the vanilloid subtype one receptor
and cannabinoid type one receptors in the central nervous
system (Bertolini et al., 2006). Whilst concerns regarding hepatic
insufficiency and toxicity in the critically ill are likely minimal if
dosing is carefully considered, recent evidence regarding possible
hypotension caused by paracetamol and its risk in patients with
instability requires consideration prior to use (Weinberg et al.,
2015). There is a paucity of evidence regarding the role of
NSAIDs, COX-2 inhibitors and paracetamol, as part of MMA
regimen in critically ill patients, with focus on “clinically relevant”
dynamic pain intensity reduction, reduction of opioid side effects
and presence or absence of their own side effects (Elia et al.,
2005). Whilst literature from the post-operative pain setting
supports their inclusion especially as opioid sparing agents their
application in the ICU setting remains controversial and should
be considered on an individual patient basis (Remy et al., 2005;
Mcdaid et al., 2010; Jefferies et al., 2012; Barr et al., 2013).

Local anesthetics. Local anesthetics can be used in regional
anesthesia techniques or as an intravenous infusion (lidocaine).
Regional analgesia remains controversial in the critically ill. The
benefits include cardioprotective effects, especially from thoracic
epidural analgesia, reduced risk for deep venous thrombosis,
opioid sparing and improved analgesia that aids tracheal
extubation (Liu et al., 1995; Carrier et al., 2009; Bignami et al.,
2010; Horlocker et al., 2010; Caputo et al., 2011). Furthermore
catheter placement enables continuous peripheral nerve blockade
with local anesthetics in low concentrations (Williams et al.,
2003; Casati et al., 2007; Bernards et al., 2008). However, they
are not without risks which include infection and bleeding in
the presence of critical illness associated coagulopathy (Hebl,
2006; Hebl and Neal, 2006; Horlocker and Wedel, 2006; Wedel
and Horlocker, 2006; Horlocker et al., 2010). ACCM guidelines
recommend thoracic epidural anesthesia/analgesia consideration
for post-operative analgesia in patients undergoing abdominal
aortic aneurysm surgery and for patients with traumatic rib
fractures (Barr et al., 2013). However, due to lack of evidence no
recommendation was given for neuraxial/regional analgesia over
systemic analgesia in medical ICU patients (Barr et al., 2013).
Therefore regional analgesia application in the critically ill should
be individually evaluated.

There is no data regarding the use of intravenous lidocaine for
analgesia in critically ill patients. Perioperative intravenous
infusions of lidocaine are recommended for colorectal
surgery by the PROSPECT Working Group (2017). This
has been shown to reduce pain scores and post-operative
opioid consumption by 85% in various surgical procedures
and to reduce length of hospital stay (McCarthy et al.,
2010), however, more recent evaluation of the evidence is
less convincing (Kranke et al., 2015). Running lidocaine
intravenous infusions needs to be considered in light of
potential side effects pertinent in the critically unwell,
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including cardiac arrhythmia and accumulation secondary
to altered metabolism in those with heptic or renal failure
(Dickerson and Apfelbaum, 2014).

Co-analgesics. Ketamine is a non-competitive NMDA receptor
antagonist, with the potential to prevent central sensitization,
wind up phenomenon and opioid induced tolerance (Woolf
and Thompson, 1991; Mao et al., 1995). It is used to reduce
post-operative pain intensity, is opioid sparing (Laskowski
et al., 2011) and has demonstrated beneficial antidepressive
and neuroprotective effects (Hudetz and Pagel, 2010; Kishimoto
et al., 2016). Ketamine could be considered in pain refractory
to other therapies in the critically unwell (Patanwala et al.,
2017). However, there is also concern that extrapolating from
evidence in elderly post-operative patients where ketamine was
associated with negative experiences including hallucinations
and nightmares (Avidan et al., 2017), its influence on ICU
delirium requires attention prior to application. Additionally
its cardiovascular effects mean use should be considered on an
individual basis (Erstad and Patanwala, 2016).

Alpha-2 agonists provide analgesia, anxiolysis, have sedative
effects and do not cause respiratory depression (Chen et al.,
2015; Gagnon et al., 2015). Dexmedetomidine has been shown
to reduce the duration of mechanical ventilation and ICU
stay compared to “traditional sedatives” (Chen et al., 2015). It
can be used as a sole analgesic or with opioids in critically
ill patients (Shehabi et al., 2004). In experimental studies,
alpha-2 adrenergic agonists demonstrated antinociceptive effects
in visceral pain conditions (Ulger et al., 2009). Furthermore
dexmedetomidine has been shown to prolong the duration of
sensory block provided by local anesthetics during regional
analgesia (Akin et al., 2008; Kang et al., 2018). Its application
is promising although associated bradycardia and hypotension
need to be considered in the critically unwell (Devabhakthuni
et al., 2012). Clonidine, another alpha-2 agonist, represents
an alternative drug that again has demonstrated opioid-
sparing effects; however, it has cardiovascular effects including
hypotension and is reported to induce a withdrawal syndrome
(Wang J.G. et al., 2017). Its effect on sedation level in ICU
has been investigated with the conclusion that it can be an
effective and safe alternative to a dexmedetomidine infusion,
but its effect on CPIP prevention has not been considered
(Terry et al., 2015).

Gabapentinoids, gabapentin and pregabalin, are
anticonvulsants recommended for use in neuropathic pain
management (Finnerup et al., 2015). They share the main
mechanism of action, via α2-δ subunits of voltage-sensitive
calcium channels in presynaptic afferent neurons (Quintero,
2017). Gabapentoids can decrease analgesia requirements
and sedative medication use, but they are rarely investigated
in adult critically ill patients, despite the promising results
from pediatric ICU (Pandey et al., 2005; Sacha et al., 2017).
Beside sedation, dizziness, visual disturbances as adverse effects,
respiratory depression was described with gabapentin and opioid
combinations and concern is now present as they potentially
represent drugs of abuse (Cavalcante et al., 2017). Pregabalin can
cause confusion, somnolence, potentiate respiratory depression

of remifentanil and adverse effects on cognition and addiction
(Myhre et al., 2016; Bonnet and Scherbaum, 2017). Based on all
the above, and with no intravenous formulation, there is question
of clinical usefulness of gabapentoids in the critically unwell.

Certain antidepressants are effective in neuropathic pain
management, however, their ability to prevent developing
chronic pain states is unknown (Saarto and Wiffen, 2007).
Whilst amitriptyline and drugs such as duloxetine show
promise in chronic pain states, their application in critical care
has yet to be explored. Side effect profiles such as cardiac
effects of amitriptyline and drug interactions mean their use
in the critically unwell may be limited and lacks clinical
evidence. Serotonin-norepinephrine reuptake inhibitors (SNRI)
are recommended as first line treatment in neuropathic pain
(Finnerup et al., 2015). However, their effect on hemodynamics
and liver function limits their clinical usefulness in critically
unwell patients and they are not recommended for use in current
pain guidelines for critically unwell patients with neuropathic
pain (Devlin et al., 2018).

Other medications. Glucocorticosteroids mechanistically should
produce analgesia. They have multiple actions including
inhibition of prostaglandin synthesis, influence on activity and
plasticity of the nervous system and reduction of spontaneous
discharge in injured nerves (Watanabe and Bruera, 1994;
Mensah-Nyagan et al., 2009). Furthermore, endogenous
neurosteroids control various mechanisms involved in pain
sensation and modulate GABA, NMDA, and P2X receptors
(Mensah-Nyagan et al., 2009). However, glucocorticosteroids
have numerous side effects, and a case controlled study found
an increased rate of infection, increased ICU stay and increased
mechanical ventilation, with a trend toward increased mortality
in critically ill treated with steroids (Britt et al., 2006). Despite
studies in post-operative analgesia where dexamethasone
has been shown to reduce post-operative pain and opioid
consumption, there are no data available regarding the benefits
of glucocorticosteroid use as adjuvants for pain management in
critically ill patients (De Oliveira et al., 2011).

There is a relationship between sleep and both chronic
and acute pain (Finan et al., 2013). Disturbed and shortened
sleep has been shown experimentally in healthy volunteers to
cause hyperalgesia modification to pain perception and increase
reported pain intensity (Roehrs et al., 2006; Azevedo et al., 2011),
and the descending pain modulatory system is suggested as a
mediator for sleep disruption modulated hyperalgesia (Tiede
et al., 2010). ACCM recommends “promoting sleep in adult ICU
patients by optimizing patients’ environments, using strategies
to control light and noise, clustering patient care activities, and
decreasing stimuli at night to protect patients’ sleep cycles.”
Additionally the use of melatonin has been suggested in a recently
published summary of the Future of Critical Care Medicine
meeting (Barr et al., 2013; Marini et al., 2017). Individual
patient pharmacokinetics of melatonin are extremely variable,
and in critically unwell patients earlier peak, greater plasma
concentration and slower plasma clearance have been described
and therefore doses should be reduced to accomodate for this
(Bellapart and Boots, 2012). Additionally low clearance can
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lead to potentially “nocturnal” plasma levels during the late
morning that may nullify potential “chronotherapeutic” benefits
of melatonin (Arendt and Skene, 2005; Bourne et al., 2008).
It has been reported that to reach sufficient sleep length and
sleep quality, in some cases melatonin needs to be given for
up to 3 days, as a result of progressive melatonin sensitization
and an effect on timing mechanisms of sleep (Arendt et al.,
1984; Boyoko et al., 2012). The dose, formulation, timing of
administration, duration of melatonin treatment and assessment
of optimal circadian timing are still unclear in the critically unwell
(Arendt and Skene, 2005).

There is no evidence regarding the interaction between
sleep in ICU and either the experience of acute pain or the
development of CPIP, however, it is possible that addressing sleep
by prescribing melatonin, adjusting lights in order to imitate
day/night pattern, and providing windowed rooms can improve
circadian rhythm and sleep which in turn could influence pain
(Madrid-Navarro et al., 2015; Mo et al., 2016).

Non-pharmacological methods
Non-pharmacological methods used as part of MMA regimen
in the critically unwell might increase the effect of medications,
reduce opioid consumption and incidence of adverse drug events,
and reduce the need for opioids post-discharge.

Psychological support. Critical illness subjects patients to
psychological stress, anxiety, low mood, fear of dying and
hallucinations (Novaes et al., 1999; Jones et al., 2007; Wade
et al., 2013; Hadjibalassi et al., 2018). This can be attributed
to the experience of regular life disruption, the physical ICU
environment, an inability to communicate, and the effects
of critical illness and invasive treatments such as mechanical
ventilation. This can be associated with long term psychological
consequences including anxiety, depression, PTSD and chronic
fatigue syndrome (Griffiths et al., 2004). PTSD can accompany
chronic pain following critical illness, and whilst the exact
association is unknown, psychological interventions for PTSD
could impact on CPIP (Jenewein et al., 2009). It is important to
note PTSD interventions are most effective when implemented
early rather than post-discharge (Hatch et al., 2011; Wade
et al., 2013). This also emphasizes the importance of a clinical
psychologists being part of the ICU multidisciplinary team
(Hatch et al., 2011; Peris et al., 2011). It is also important to have
excellent communication between the multidisciplinary team, the
patient and their relatives (Meraner and Sperner-Unterweger,
2016). Nursing staff have an essential role in supporting
patients psychologically including explaining interventions and
establishing a relationship with both the patient and their family
(Pattison, 2005; Clancy et al., 2015; Marini, 2015).

Virtual reality. Virtual reality (VR) is computer-generated
simulation of a 3D image delivered with special equipment that
can interact with a patient’s pain by distraction (Hoffman et al.,
2011). It can have an opioid sparing effect and be associated with
pain reduction in burn patients, especially during wound care and
physical rehabilitation (Carrougher et al., 2009; McSherry et al.,
2018). In critically ill patients VR neurocognitive based therapy
improved attention and memory (Turon et al., 2017) and it has a

role in reducing opioid abuse in chronic pain patients and opioid
dependence in heroin addicts (Gupta et al., 2018). Certainly
VR looks promising as an additional strategy in managing pain
in ICU patients, however, further evidence including patient
selection and randomized controlled trials to evaluate effects of
VR on different types of procedural pain and overall pain states is
warranted (Hoffman et al., 2011; Indovina et al., 2018).

Music therapy. Music therapy is defined by the American Music
Therapy Association “as the clinical and evidence-based use of
music interventions to accomplish individualized goals within
a therapeutic relationship by a credentialed professional who
has completed an approved music therapy program” (American
Music Therapy Association [AMTA], 2011). Music is a cognitive
distractor (Chlan et al., 2013; Birnie et al., 2017), switching
attention via the thalamus to the prefrontal cortex rather than
painfull input and activating the endogenous opioid system to
modulate perception of pain (Economidou et al., 2012). Positive
effects of music therapy in ICU patients can be summarized as
anxiety reduction, improvement of blood pressure, heart, and
respiratory rate, quality of sleep and reduced pain intensity and
analgesics requirement (Bradt et al., 2013; Hole et al., 2015).
Meta analysis of 14 randomized trials focused on music therapy
effects in ICU patients on mechanical ventilation and showed
reduced anxiety, respiratory rate, systolic blood pressure and use
of sedation and analgesia medications (Bradt and Dileo, 2014).

Physiotherapy. Physiotherapy could prevent joint and limb pain,
particularly by reducing joint contractures, important in CPIP
(Clavet et al., 2008; Battle et al., 2013). Muscle atrophy and
weakness caused by prolonged bed rest during ICU treatment
can reduce patient mobility which persists up to 2 years after
discharge (Fan, 2012; Connolly et al., 2015). No data regarding
the influence of early physical therapy on CPIP are currently
available, however, this also warrants further investigation.

Post-discharge Period
Pain follow up clinic
Follow up to evaluate CPIP is important following ICU discharge.
This allows for evaluation of intensity and nature of continued
pain, to ensure appropriate analgesic prescribing and the
development of a long term plan for pain management. It is
likely this should occur within a specialized pain clinic that
would ensure psychological assistance. A neurorehabilitation
based protocol including use of patient diaries, focus groups with
other ICU survivors, cognitive and physical rehabilitation may
be useful to encorporate in such services (Clancy et al., 2015).
This comprehensive follow up in a dedicated service is essential
due to the significant number of patients that have pain despite
multimodal and multidisciplinary approaches to its management
(Lasiter et al., 2016; Hållstam et al., 2017).

FUTURE TRENDS

Genes code proteins with different roles, including receptors,
enzymes, proteins responsible for substance transfers and
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biometabolic mediators. Analysis of genetic polymorphism can
identify responders to particular medications and patients
response to treatment, providing personalized pain management
in the intensive care (Celi et al., 2013; Papaioannou et al.,
2014; Marini et al., 2015). In some critical illness states
molecular assays and gene mapping are already the reality
of treatment. As previously highlighted with respect to pain
assessment, however, it is likely that a panel of biomarkers is
more appropriate for evaluating pain, rather than one specific
biomarker (Bäckryd, 2015).

CONCLUSION

Modern pain management on ICU should not only address
acute pain, but also aim to prevent the development of CPIP
and ongoing opioid use. It’s management should involve a
protocolized approach that can be adjusted for each patient to
account for comorbidities and their presenting complaint. This
needs a systematic individualized multimodal pharmacological
and non-pharmacological treatment approach that utilizes a
multidisciplinary team. So far, no single medication or technique
has been proven as most effective in either acute management
within ICU or as a preventative measure for the development of
CPIP. However, strategies should include regular detailed pain
assessments using appropriate tools to evaluate initial pain and
response to treatment. Pharmacological strategies should involve
the lowest possible dose of opioids that is still effective, with the

aim of the earlist possible decline of the dose and slow transition
to non-opioid medications.

However, before individualized approaches can be fully
developed and evaluated there needs to be research that
leads to further understanding of risk factors for CPIP and
evaluate whether long term opioid use is prevalent in this
population. Answering these important questions could help
guide management to ensure the long term consequences of
either chronic pain or opioid dependence are not experienced in
the future by ICU patients.
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Korošec Jagodič, H., Jagodič, K., and Podbregar, M. (2006). Long-term outcome
and quality of life of patients treated in surgical intensive care: a comparison
between sepsis and trauma. Crit. Care 10, 1–7.

Kranke, P., Jokinen, J., Pace, N. L., Schnabel, A., Hollmann, M. W.,
Hahnenkamp, K., et al. (2015). Continuous intravenous perioperative lidocaine
infusion for postoperative pain and recovery. Cochrane Database Syst. Rev.
7:CD009642. doi: 10.1002/14651858.CD009642.pub2

Lasiter, S., Oles, S. K., Mundell, J., London, S., and Khan, B. (2016). Critical care
follow-up clinics: a scoping review of interventions and outcomes. Clin. Nurse
Spec. 30, 227–237. doi: 10.1097/NUR.0000000000000219

Laskowski, K., Stirling, A., McKay, W. P., and Lim, H. J. (2011). A systematic
review of intravenous ketamine for postoperative analgesia. Can. J. Anesth. 58,
911–923. doi: 10.1007/s12630-011-9560-0

Laycock, H., and Bantel, C. (2016). Objective assessment of acute pain. J. Anesth.
Clin. Res. 7:6. doi: 10.4172/2155-6148.1000630

Liu, S., Carpenter, R. L., and Neal, J. M. (1995). Epidural anesthesia and
analgesia. Their role in postoperative outcome. Anesthesiology 82, 1474–1506.
doi: 10.1097/00000542-199506000-00019

Madrid-Navarro, C. J., Sanchez-Galvez, R., Martinez-Nicolas, A., Marina, R.,
Garcia, J. A., Madrid, J. A., et al. (2015). Disruption of circadian rhythms
and delirium, sleep impairment and sepsis in critically ill patients. potential
therapeutic implications for increased light-dark contrast and melatonin
therapy in an ICU environment. Curr. Pharm. Des. 21, 3453–3468. doi: 10.2174/
1381612821666150706105602

Mao, J., Price, D. D., and Mayer, D. J. (1995). Mechanisms of hyperalgesia and
morphine tolerance: a current view of their possible interactions. Pain 62,
259–274. doi: 10.1016/0304-3959(95)00073-2

Marini, J. J. (2015). Re-tooling critical care to become a better intensivist:
something old and something new. Crit. Care 19, S3. doi: 10.1186/cc14721

Marini, J. J., De Backer, D., Ince, C., Singer, M., Van Haren, F., Westphal, M., et al.
(2017). Seven unconfirmed ideas to improve future ICU practice. Crit. Care
21:315. doi: 10.1186/s13054-017-1904-x

Marini, J. J., Vincent, J.-L., and Annane, D. (2015). Critical care evidence—New
directions. JAMA 313:893. doi: 10.1001/jama.2014.18484

McCarthy, G. C., Megalla, S. A., and Habib, A. S. (2010). Impact of intravenous
lidocaine infusion on postoperative analgesia and recovery from surgery:
a systematic review of randomized controlled trials. Drugs 70, 1149–1163.
doi: 10.2165/10898560-000000000-00000

Mcdaid, C., Maund, E., Rice, S., Wright, K., Jenkins, B., and Woolacott, N.
(2010). Health technology assessment NIHR HTA programme paracetamol and
selective and non-selective non-steroidal anti- inflammatory drugs (NSAIDs)
for the reduction of morphine-related side effects after major surgery: a
systematic review. Health Technol. Assess. (Rockv) 14, 17. doi: 10.3310/hta14170

McSherry, T., Atterbury, M., Gartner, S., Helmold, E., Searles, D. M., and
Schulman, C. (2018). Randomized, crossover study of immersive virtual reality
to decrease opioid use during painful wound care procedures in adults. J. Burn
Care Res. 39, 278–285.

Mehta, V., and Langford, R. M. (2006). Acute pain management for opioid
dependent patients. Anaesthesia 61, 269–276. doi: 10.1111/j.1365-2044.2005.
04503.x

Mensah-Nyagan, A. G., Meyer, L., Schaeffer, V., Kibaly, C., and Patte-Mensah, C.
(2009). Evidence for a key role of steroids in the modulation of pain.
Psychoneuroendocrinology 34, S169–S177. doi: 10.1016/j.psyneuen.2009.06.004

Frontiers in Pharmacology | www.frontiersin.org 11 February 2019 | Volume 10 | Article 23197

https://doi.org/10.1186/cc12745
https://doi.org/10.1186/cc12745
https://doi.org/10.1093/bjaceaccp/mkh054
https://doi.org/10.1093/bjaceaccp/mkh054
https://doi.org/10.1093/pm/pnx109
https://doi.org/10.1016/j.aucc.2017.03.001
https://doi.org/10.1016/j.sjpain.2016.08.004
https://doi.org/10.1186/cc10054
https://doi.org/10.1016/j.rapm.2006.05.001
https://doi.org/10.1097/00115550-200607000-00006
https://doi.org/10.1097/00115550-200607000-00006
https://doi.org/10.1056/NEJMoa022450
https://doi.org/10.1056/NEJMoa1011802
https://doi.org/10.1056/NEJMoa1011802
https://doi.org/10.1007/s12160-010-9248-7
https://doi.org/10.1016/S0140-6736(15)60169-6
https://doi.org/10.1097/00115550-200607000-00008
https://doi.org/10.1097/AAP.0b013e3181c15c70
https://doi.org/10.1053/j.jvca.2009.05.008
https://doi.org/10.1097/AJP.0000000000000599
https://doi.org/10.1016/j.jpsychores.2008.07.011
https://doi.org/10.1016/j.jpsychores.2008.07.011
https://doi.org/10.1007/s00134-007-0600-8
https://doi.org/10.1097/AAP.0000000000000773
https://doi.org/10.1177/070674371506000402
https://doi.org/10.1111/anae.13786
https://doi.org/10.1017/S0033291716000064
https://doi.org/10.1017/S0033291716000064
https://doi.org/10.1002/14651858.CD009642.pub2
https://doi.org/10.1097/NUR.0000000000000219
https://doi.org/10.1007/s12630-011-9560-0
https://doi.org/10.4172/2155-6148.1000630
https://doi.org/10.1097/00000542-199506000-00019
https://doi.org/10.2174/1381612821666150706105602
https://doi.org/10.2174/1381612821666150706105602
https://doi.org/10.1016/0304-3959(95)00073-2
https://doi.org/10.1186/cc14721
https://doi.org/10.1186/s13054-017-1904-x
https://doi.org/10.1001/jama.2014.18484
https://doi.org/10.2165/10898560-000000000-00000
https://doi.org/10.3310/hta14170
https://doi.org/10.1111/j.1365-2044.2005.04503.x
https://doi.org/10.1111/j.1365-2044.2005.04503.x
https://doi.org/10.1016/j.psyneuen.2009.06.004
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00023 February 20, 2019 Time: 17:18 # 12

Stamenkovic et al. Chronic Pain After ICU Discharge

Meraner, V., and Sperner-Unterweger, B. (2016). [Patients, physicians and nursing
personnel in intensive care units: psychological and psychotherapeutic
interventions]. Nervenarzt 87, 264–268. doi: 10.1007/s00115-016-
0098-9

Mo, Y., Scheer, C. E., and Abdallah, G. T. (2016). Emerging role of melatonin and
melatonin receptor agonists in sleep and delirium in intensive care unit patients.
J. Intensive Care Med. 31, 451–455. doi: 10.1177/0885066615592348

Myhre, M., Diep, L. M., and Stubhaug, A. (2016). Pregabalin has analgesic,
ventilatory, and cognitive effects in combination with remifentanil.
Anesthesiology 124, 141–149. doi: 10.1097/ALN.0000000000000913

Needham, D. M., Davidson, J., Cohen, H., Hopkins, R. O., Weinert, C., Wunsch, H.,
et al. (2012). Improving long-term outcomes after discharge from intensive
care unit: report from a stakeholders’ conference. Crit. Care Med. 40, 502–509.
doi: 10.1097/CCM.0b013e318232da75

Novaes, M. A., Knobel, E., Bork, A. M., Pavão, O. F., Nogueira-Martins, L. A.,
and Ferraz, M. B. (1999). Stressors in ICU: perception of the patient, relatives
and health care team. Intensive Care Med. 25, 1421–1426. doi: 10.1007/
s001340051091

Pandey, C. K., Raza, M., Tripathi, M., Navkar, D. V., Kumar, A., and Singh, U. K.
(2005). The comparative evaluation of gabapentin and carbamazepine for pain
management in Guillain-Barré syndrome patients in the intensive care unit.
Anesth. Analg. 101, 220–225. doi: 10.1213/01.ANE.0000152186.89020.36

Pandharipande, P., and Ely, E. W. (2005). Narcotic-based sedation regimens for
critically ill mechanically ventilated patients. Crit. Care 9:247. doi: 10.1186/
cc3523

Papaioannou, V., Mebazaa, A., Plaud, B., and Legrand, M. (2014). “Chronomics”
in ICU: circadian aspects of immune response and therapeutic perspectives in
the critically ill. Intensive Care Med. Exp. 2:18. doi: 10.1186/2197-425X-2-18

Patanwala, A. E., Martin, J. R., and Erstad, B. L. (2017). Ketamine for
analgosedation in the intensive care unit: a systematic review. J. Intensive Care
Med. 32, 387–395. doi: 10.1177/0885066615620592

Pattison, N. (2005). Psychological implications of admission to critical care. Br. J.
Nurs. 14, 708–714. doi: 10.12968/bjon.2005.14.13.18452

Paulus, J., Roquilly, A., Beloeil, H., Théraud, J., Asehnoune, K., and Lejus, C.
(2013). Pupillary reflex measurement predicts insufficient analgesia before
endotracheal suctioning in critically ill patients. Crit. Care 17, R161.
doi: 10.1186/cc12840

Payen, J.-F., Bosson, J.-L., Chanques, G., Mantz, J., Labarere, J., and Dolorea
Investigators. (2009). Pain assessment is associated with decreased duration
of mechanical ventilation in the intensive care unit: a post Hoc analysis
of the DOLOREA study. Anesthesiology 111, 1308–1316. doi: 10.1097/ALN.
0b013e3181c0d4f0

Payen, J.-F., Genty, C., Mimoz, O., Mantz, J., Bosson, J.-L., and Chanques, G.
(2013). Prescribing nonopioids in mechanically ventilated critically ill patients.
J. Crit. Care 28, 7–534. doi: 10.1016/j.jcrc.2012.10.006

Peng, P. W. H., Tumber, P. S., and Gourlay, D. (2005). Review article: perioperative
pain management of patients on methadone therapy. Can. J. Anesth. 52,
513–523. doi: 10.1007/BF03016532

Peris, A., Bonizzoli, M., Iozzelli, D., Migliaccio, M. L., Zagli, G., Bacchereti, A.,
et al. (2011). Early intra-intensive care unit psychological intervention
promotes recovery from post traumatic stress disorders, anxiety and depression
symptoms in critically ill patients. Crit. Care 15:R41. doi: 10.1186/cc
10003

Playfor, S., Jenkins, I., Boyles, C., Choonara, I., Davies, G., Haywood, T., et al.
(2006). Consensus guidelines on sedation and analgesia in critically ill children.
Intensive Care Med. 32, 1125–1136. doi: 10.1007/s00134-006-0190-x

PROSPECT Working Group (2017). Open Colonic Resection – Specific Evidence –
Lidocaine. Available at: https://www.postoppain.org/sections/?root_id=62933&
section=13

Puntillo, K. A., and Naidu, R. (2016). Chronic pain disorders after critical illness
and ICU-acquired opioid dependence. Curr. Opin. Crit. Care 22, 506–512.
doi: 10.1097/MCC.0000000000000343

Quintero, G. C. (2017). Review about gabapentin misuse, interactions,
contraindications and side effects. J. Exp. Pharmacol. 9, 13–21.
doi: 10.2147/JEP.S124391

Remy, C., Marret, E., and Bonnet, F. (2005). Effects of acetaminophen on morphine
side-effects and consumption after major surgery: meta-analysis of randomized
controlled trials. Br. J. Anaesth. 94, 505–513. doi: 10.1093/bja/aei085

Roehrs, T., Hyde, M., Blaisdell, B., Greenwald, M., and Roth, T. (2006). Sleep loss
and REM sleep loss are hyperalgesic. Sleep 29, 145–151. doi: 10.1093/sleep/29.
2.145

Saarto, T., and Wiffen, P. J. (2007). Antidepressants for neuropathic pain. Cochrane
Database Syst. Rev. 4:CD005454. doi: 10.1002/14651858.CD005454.pub2

Sacha, G. L., Foreman, M. G., Kyllonen, K., and Rodriguez, R. J. (2017). The use
of gabapentin for pain and agitation in neonates and infants in a neonatal ICU.
J. Pediatr. Pharmacol. Ther. 22, 207–211. doi: 10.5863/1551-6776-22.3.207

Shehabi, Y., Ruettimann, U., Adamson, H., Innes, R., and Ickeringill, M. (2004).
Dexmedetomidine infusion for more than 24 hours in critically ill patients:
sedative and cardiovascular effects. Intensive Care Med. 30, 2188–2196.
doi: 10.1007/s00134-004-2417-z

Skljarevski, V., and Ramadan, N. M. (2002). The nociceptive flexion reflex in
humans – Review article. Pain 96, 3–8. doi: 10.1016/S0304-3959(02)00018-0

Skrobik, Y., Ahern, S., Leblanc, M., Marquis, F., Awissi, D. K., and Kavanagh, B. P.
(2010). Protocolized intensive care unit management of analgesia, sedation, and
delirium improves analgesia and subsyndromal delirium rates. Anesth. Analg.
111, 451–463. doi: 10.1213/ANE.0b013e3181d7e1b8

Sukantarat, K., Greer, S., Brett, S., and Williamson, R. (2007). Physical and
psychological sequelae of critical illness. Br. J. Health Psychol. 12, 65–74.
doi: 10.1348/135910706X94096

Terry, K., Blum, R., and Szumita, P. (2015). Evaluating the transition from
dexmedetomidine to clonidine for agitation management in the intensive care
unit. SAGE Open Med. 3:2050312115621767. doi: 10.1177/2050312115621767

Tiede, W., Magerl, W., Baumgärtner, U., Durrer, B., Ehlert, U., and Treede, R.-D.
(2010). Sleep restriction attenuates amplitudes and attentional modulation of
pain-related evoked potentials, but augments pain ratings in healthy volunteers.
Pain 148, 36–42. doi: 10.1016/j.pain.2009.08.029

Timmers, T. K., Verhofstad, M. H. J., Moons, K. G. M., van Beeck, E. F., and
Leenen, L. P. H. (2011). Long-term quality of life after surgical intensive care
admission. Arch. Surg. 146:412. doi: 10.1001/archsurg.2010.279

Treede, R.-D., Rief, W., Barke, A., Aziz, Q., Bennett, M. I., Benoliel, R., et al.
(2015). A classification of chronic pain for ICD-11. Pain 156, 1003–1007. doi:
10.1097/j.pain.0000000000000160

Turon, M., Fernandez-Gonzalo, S., Jodar, M., Gomà, G., Montanya, J.,
Hernando, D., et al. (2017). Feasibility and safety of virtual-reality-based early
neurocognitive stimulation in critically ill patients. Ann. Intensive Care 7:81.
doi: 10.1186/s13613-017-0303-4

Ulger, F., Bozkurt, A., Bilge, S. S., Ilkaya, F., Dilek, A., Bostanci, M. O., et al. (2009).
The antinociceptive effects of intravenous dexmedetomidine in colorectal
distension-induced visceral pain in rats: the role of opioid receptors. Anesth.
Analg. 109, 616–622. doi: 10.1213/ane.0b013e3181a9fae2

Von Korff, M., Korff, M., Von, Saunders, K., Thomas Ray, G., Boudreau, D., et al.
(2008). De facto long-term opioid therapy for noncancer pain. Clin. J. Pain 24,
521–527. doi: 10.1097/AJP.0b013e318169d03b

Wade, D., Hardy, R., Howell, D., and Mythen, M. (2013). Identifying clinical and
acute psychological risk factors for PTSD after critical care: a systematic review.
Minerva Anestesiol. 79, 944–963.

Wang, J. G., Belley-Coté, E., Burry, L., Duffett, M., Karachi, T., Perri, D., et al.
(2017). Clonidine for sedation in the critically ill: a systematic review and
meta-analysis. Crit. Care 21:75. doi: 10.1186/s13054-017-1610-8

Wang, P. P., Huang, E., Feng, X., Bray, C.-A., Perreault, M. M., Rico, P., et al.
(2017). Opioid-associated iatrogenic withdrawal in critically ill adult patients:
a multicenter prospective observational study. Ann. Intensive Care 7:88.
doi: 10.1186/s13613-017-0310-5

Watanabe, S., and Bruera, E. (1994). Corticosteroids as adjuvant analgesics. J. Pain
Symptom Manage. 9, 442–445. doi: 10.1016/0885-3924(94)90200-3

Wedel, D., and Horlocker, T. (2006). Regional anesthesia in the febrile or
infected patient. Reg. Anesth. Pain Med. 31, 324–333. doi: 10.1097/00115550-
200607000-00007

Weinberg, A. L., Chiam, E., Weinberg, L., and Bellomo, R. (2015). Paracetamol:
a review with specific focus on the haemodynamic effects of intravenous
administration. Heart Lung Vessel 7, 121–132.

Wick, E. C., Grant, M. C., and Wu, C. L. (2017). Postoperative multimodal
analgesia pain management with nonopioid analgesics and techniques. JAMA
Surg. 152:691. doi: 10.1001/jamasurg.2017.0898

Williams, S. R., Chouinard, P., Arcand, G., Harris, P., Ruel, M., Boudreault, D.,
et al. (2003). Ultrasound guidance speeds execution and improves the quality

Frontiers in Pharmacology | www.frontiersin.org 12 February 2019 | Volume 10 | Article 23198

https://doi.org/10.1007/s00115-016-0098-9
https://doi.org/10.1007/s00115-016-0098-9
https://doi.org/10.1177/0885066615592348
https://doi.org/10.1097/ALN.0000000000000913
https://doi.org/10.1097/CCM.0b013e318232da75
https://doi.org/10.1007/s001340051091
https://doi.org/10.1007/s001340051091
https://doi.org/10.1213/01.ANE.0000152186.89020.36
https://doi.org/10.1186/cc3523
https://doi.org/10.1186/cc3523
https://doi.org/10.1186/2197-425X-2-18
https://doi.org/10.1177/0885066615620592
https://doi.org/10.12968/bjon.2005.14.13.18452
https://doi.org/10.1186/cc12840
https://doi.org/10.1097/ALN.0b013e3181c0d4f0
https://doi.org/10.1097/ALN.0b013e3181c0d4f0
https://doi.org/10.1016/j.jcrc.2012.10.006
https://doi.org/10.1007/BF03016532
https://doi.org/10.1186/cc10003
https://doi.org/10.1186/cc10003
https://doi.org/10.1007/s00134-006-0190-x
https://www.postoppain.org/sections/?root_id=62933&section=13
https://www.postoppain.org/sections/?root_id=62933&section=13
https://doi.org/10.1097/MCC.0000000000000343
https://doi.org/10.2147/JEP.S124391
https://doi.org/10.1093/bja/aei085
https://doi.org/10.1093/sleep/29.2.145
https://doi.org/10.1093/sleep/29.2.145
https://doi.org/10.1002/14651858.CD005454.pub2
https://doi.org/10.5863/1551-6776-22.3.207
https://doi.org/10.1007/s00134-004-2417-z
https://doi.org/10.1016/S0304-3959(02)00018-0
https://doi.org/10.1213/ANE.0b013e3181d7e1b8
https://doi.org/10.1348/135910706X94096
https://doi.org/10.1177/2050312115621767
https://doi.org/10.1016/j.pain.2009.08.029
https://doi.org/10.1001/archsurg.2010.279
https://doi.org/10.1097/j.pain.0000000000000160
https://doi.org/10.1097/j.pain.0000000000000160
https://doi.org/10.1186/s13613-017-0303-4
https://doi.org/10.1213/ane.0b013e3181a9fae2
https://doi.org/10.1097/AJP.0b013e318169d03b
https://doi.org/10.1186/s13054-017-1610-8
https://doi.org/10.1186/s13613-017-0310-5
https://doi.org/10.1016/0885-3924(94)90200-3
https://doi.org/10.1097/00115550-200607000-00007
https://doi.org/10.1097/00115550-200607000-00007
https://doi.org/10.1001/jamasurg.2017.0898
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00023 February 20, 2019 Time: 17:18 # 13

Stamenkovic et al. Chronic Pain After ICU Discharge

of supraclavicular block. Anesth. Analg. 97, 1518–1523. doi: 10.1213/01.ANE.
0000086730.09173.CA

Woolf, C. J., and Thompson, S. W. (1991). The induction and maintenance
of central sensitization is dependent on N-methyl-D-aspartic acid
receptor activation; implications for the treatment of post-injury pain
hypersensitivity states. Pain 44, 293–299. doi: 10.1016/0304-3959(91)
90100-C

Yaffe, P. B., Green, R. S., Butler, M. B., and Witter, T. (2017). Is admission to
the intensive care unit associated with chronic opioid use? A 4-year follow-
up of intensive care unit survivors. J. Intensive Care Med. 32, 429–435.
doi: 10.1177/0885066615618189

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Stamenkovic, Laycock, Karanikolas, Ladjevic, Neskovic and
Bantel. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 13 February 2019 | Volume 10 | Article 23199

https://doi.org/10.1213/01.ANE.0000086730.09173.CA
https://doi.org/10.1213/01.ANE.0000086730.09173.CA
https://doi.org/10.1016/0304-3959(91)90100-C
https://doi.org/10.1016/0304-3959(91)90100-C
https://doi.org/10.1177/0885066615618189
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


ORIGINAL RESEARCH
published: 27 March 2019

doi: 10.3389/fneur.2019.00277

Frontiers in Neurology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 277

Edited by:

Francisco R. Nieto,

University of Granada, Spain

Reviewed by:

Bin Gu,

University of North Carolina at Chapel

Hill, United States

Stephanie Carreiro,

University of Massachusetts Medical

School, United States

Samba Reddy,

Texas A&M Health Science Center,

United States

*Correspondence:

Cameron S. Metcalf

cameron.s.metcalf@utah.edu

Grzegorz Bulaj

bulaj@pharm.utah.edu

†Present Address:

Merodean Huntsman,

Tulane University, New Orleans, LA,

United States

Tristan Underwood,

BioFire Diagnostics, Salt Lake, UT,

United States

Specialty section:

This article was submitted to

Neuropharmacology,

a section of the journal

Frontiers in Neurology

Received: 30 November 2018

Accepted: 04 March 2019

Published: 27 March 2019

Citation:

Metcalf CS, Huntsman M, Garcia G,

Kochanski AK, Chikinda M,

Watanabe E, Underwood T,

Vanegas F, Smith MD, White HS and

Bulaj G (2019) Music-Enhanced

Analgesia and Antiseizure Activities in

Animal Models of Pain and Epilepsy:

Toward Preclinical Studies Supporting

Development of Digital Therapeutics

and Their Combinations With

Pharmaceutical Drugs.

Front. Neurol. 10:277.

doi: 10.3389/fneur.2019.00277

Music-Enhanced Analgesia and
Antiseizure Activities in Animal
Models of Pain and Epilepsy: Toward
Preclinical Studies Supporting
Development of Digital Therapeutics
and Their Combinations With
Pharmaceutical Drugs

Cameron S. Metcalf 1*, Merodean Huntsman 2†, Gerry Garcia 3, Adam K. Kochanski 4,

Michael Chikinda 5,6, Eugene Watanabe 5, Tristan Underwood 1†, Fabiola Vanegas 1,

Misty D. Smith 1,7, H. Steve White 8 and Grzegorz Bulaj 2*

1Department of Pharmacology and Toxicology, University of Utah, Salt Lake, UT, United States, 2Department of Medicinal

Chemistry, University of Utah, Salt Lake, UT, United States, 3Greatful Living Productions, Salt Lake, UT, United States,
4Department of Atmospheric Sciences, University of Utah, Salt Lake, UT, United States, 5 The Gifted Music School, Salt

Lake, UT, United States, 6 The School of Music, University of Utah, Salt Lake, UT, United States, 7 The School of Dentistry,

University of Utah, Salt Lake, UT, United States, 8 School of Pharmacy, University of Washington, Seattle, WA, United States

Digital therapeutics (software as a medical device) and mobile health (mHealth)

technologies offer a means to deliver behavioral, psychosocial, disease self-management

and music-based interventions to improve therapy outcomes for chronic diseases,

including pain and epilepsy. To explore new translational opportunities in

developing digital therapeutics for neurological disorders, and their integration with

pharmacotherapies, we examined analgesic and antiseizure effects of specific musical

compositions in mouse models of pain and epilepsy. The music playlist was created

based on the modular progression of Mozart compositions for which reduction of

seizures and epileptiform discharges were previously reported in people with epilepsy.

Our results indicated that music-treated mice exhibited significant analgesia and

reduction of paw edema in the carrageenan model of inflammatory pain. Among

analgesic drugs tested (ibuprofen, cannabidiol (CBD), levetiracetam, and the galanin

analog NAX 5055), music intervention significantly decreased paw withdrawal latency

difference in ibuprofen-treatedmice and reduced paw edema in combination with CBD or

NAX 5055. To the best of our knowledge, this is the first animal study on music-enhanced

antinociceptive activity of analgesic drugs. In the plantar incision model of surgical pain,

music-pretreated mice had significant reduction of mechanical allodynia. In the corneal

kindling model of epilepsy, the cumulative seizure burden following kindling acquisition

was lower in animals exposed to music. The music-treated group also exhibited

significantly improved survival, warranting further research on music interventions for

preventing Sudden Unexpected Death in Epilepsy (SUDEP). We propose a working
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model of how musical elements such as rhythm, sequences, phrases and punctuation

found in K.448 and K.545 may exert responses via parasympathetic nervous system and

the hypothalamic-pituitary-adrenal (HPA) axis. Based on our findings, we discuss: (1) how

enriched environment (EE) can serve as a preclinical surrogate for testing combinations

of non-pharmacological modalities and drugs for the treatment of pain and other chronic

diseases, and (2) a new paradigm for preclinical and clinical development of therapies

leading to drug-device combination products for neurological disorders, depression and

cancer. In summary, our present results encourage translational research on integrating

non-pharmacological and pharmacological interventions for pain and epilepsy using

digital therapeutics.

Keywords: neuropathic pain, cancer pain, arthritis, opioids, inflammation, refractory epilepsy, epileptic seizures,

mobile medical apps

INTRODUCTION

Pain and epilepsy are distinct neurological conditions which
share unmet needs for innovating treatments. People living with
chronic pain have limited options for pain relief. Non-steroidal
anti-inflammatory drugs (NSAIDs) are commonly used to treat
chronic pain, despite their gastrointestinal and cardiovascular
toxicities. Opioid-based pain management has considerable
adverse effects, in addition to abuse potential [e.g., the opioid
epidemic in the US resulted in over 47,000 deaths in 2017
due to overdosing opioids (1)]. People with epilepsy also face
multiple challenges including: (1) seizure control (estimated 30%
are refractory to current antiseizure drugs), (2) medication non-
adherence, tolerability and adverse effects related to antiseizure
drugs, (3) significantly higher mortality, and (4) co-morbidities
requiring additional therapies. Taken together, novel approaches
to chronic pain management and control of epileptic seizures
will benefit millions of people living with epilepsy and pain
worldwide (2, 3).

To innovate treatments for neurological disorders, we have
been studying diverse strategies to integrate digital health
technologies with CNS drugs (4–6). Digital health is a
branch of healthcare that employs internet, digital, and mobile
technologies for improving health and/or treating diseases. Non-
pharmacological modalities such as behavioral therapies, music
and disease self-management can be delivered by mobile health
(mHealth) apps (focused on self-managements and well-being),
while digital therapeutics (mobile medical apps) are intended
to treat specific medical conditions. Several mobile apps and
video games (Table S1) received approval, or clearance, from
the Food and Drug Administration (FDA) using software as a
medical device (SaMD) regulatory mechanism (7, 8). There are
also increased interests in developing mobile apps for people
living with chronic pain (9–16) and epilepsy (6, 17–19).

Abbreviations: BDNF, brain-derived neurotrophic factor; CBD, cannabidiol; EE,
enriched environment; HPA, hypothalamic-pituitary-adrenal; IND, investigational
new drug; KA, kainic acid; LEV, levetiracetam; PBS, phosphate-buffered saline;
PFC, prefrontal cortex; PWL, paw withdrawal latency; SaMD, software as medical
device; SUDEP, Sudden Unexpected Death in Epilepsy; TMEV, Theiler’s murine
encephalomyelitis virus; TPE, time-to-peak effect.

Since digital technologies can deliver music-based
interventions (20), these opportunities are relevant for
treatments of pain, epilepsy, stroke, dementia, and other
chronic medical conditions (21–27). Music showed clinical
benefits of reducing acute and chronic pain (25–27). For
epilepsy, there is clinical and preclinical evidence that specific
musical compositions exert anticonvulsant effects (4, 28–32).
Clinical studies showed that exposure to Mozart’s K.448 sonata
in pediatric epilepsy patients, even those with refractory
seizures, caused a significant reduction of seizure frequency and
epileptiform discharges (33–39). These antiseizure effects were
also observed in patients with their first unprovoked seizure
(40), in those with drug-refractory epileptic encephalopathies
(41), and in adult patients with epilepsy (42). In addition, the
antiseizure effects of Mozart’s K.448 have been confirmed in a rat
model of acquired epilepsy (34). From a translational research
perspective, there is a gap between clinical and preclinical studies
on music-based interventions with only few reports describing
effects of music in animal models of epilepsy (34), cancer pain
(43), or affective disorders (44).

Preclinical studies on non-pharmacological interventions
include environmental enrichment (EE) and exposure to music.
EE comprises animal housing conditions which provide physical
exercise, cognitive stimulation, and also favor social interactions
(45, 46). EE can exert such effects as reduction and prevention
of epileptic seizures, as well as analgesic effects in various
neuropathic pain models in rats and mice (45, 47–51). Similarly
to EE, music produces diverse physiological responses in
rodents including improved memory, analgesia, antidepressant
and antiseizure activities, as illustrated in Table 1. Music-based
interventions in rodents affect neuroplasticity, neurochemical
changes, immune responses, and the parasympathetic nervous
system (59). Positive effects of EE and music suggest that
preclinical studies on these non-pharmacological modalities
can lead to novel combination therapies with pharmacological
treatments (60, 61). In this work, we explored this repositioning
(repurposing) strategy by testing how antiseizure musical
compositions can also exert analgesic effects. Our present study
of music-based intervention in mouse models of epilepsy and
pain also serves as a preclinical surrogate for development of
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TABLE 1 | Examples of music-based interventions studied in rodents.

Species Main outcomes References

Mouse Modification of expression of multiple genes and

improved memory

(52)

Mouse Decreased anxiety in some genotypes and increased

TrkB in all genotypes

(44)

Mouse Antidepressant activity in combination with enriched

environment housing

(53)

Rats Higher pain thresholds and smaller tumors in bone

cancer model

(43)

Rat Significantly improved spatial memory impairment

caused by status epilepticus

(54)

Rat Decreased seizure frequency and number of

high-frequency EEG spikes

(34)

Rat Lowered heart rate in hypertensive animals (55)

Rat Modulation of BDNF expression in the hippocampus and

hypothalamus

(56, 57)

Rat Reduced metastatic nodules in animals injected with

carcinosarcoma cells

(58)

music-based digital therapeutics and their combinations with
neuropharmacological therapies.

METHODS

Animals
Adult male CF-1, CD-1, and C57Bl/6 mice (Charles River,
Kingston, NY, United States) or adult male Sprague-Dawley
rats (Charles River, Raleigh, NC, United States) were used in
specific experiments, as described below. Animals were housed in
a temperature-, humidity-, and light-controlled (12 h light:dark
cycle) facility. Animals were group housed and permitted free
access to food and water. All experimental procedures were
performed in accordance with the guidelines established by
the National Institutes of Health (NIH) and approved by the
University of Utah’s Animal Care and Use Committee (IACUC).

Music Intervention
The playlist used in the experiments comprised the Mozart
compositions previously studied in clinical trials in people with
epilepsy (4, 8–14, 16, 22). All compositions were in Major
keys and included concertos, sonatas, and symphonies featuring
varied types of instrumentation. The playlist was organized
with a symphonic-based structure made up of two faster-paced
“allegro” sections separated by a slower “adagio” section. The
order of compositions was selected to balance arousal and
optimize transitions between individual musical pieces. The first
movement of the K.448 has been the most frequently studied
of all the pieces, and was therefore featured multiple times
throughout the playlist including the beginning and end of the
first and third sections, as well as in the middle of the first section
where it would normally be placed due to key (D major).

Each musical piece, with the exception of K.448, was featured
once and arranged by key within the movement corresponding
to its tempo. This arrangement corresponded to the “Circle

of Fifths,” which is also commonly used in the modulatory
progressions of Mozart and his contemporaries. The pieces were
arranged in order of increasing number of sharps and decreasing
number of flats in the key signature. The rationale for this
order was to minimize any jarring transitions, with the intent to
optimize entrainment and minimize any potential stress on the
mice. The total playtime for the list was 3 h 4min. The playlist
was repeated three times separated by 1-h silence over 12-h dark-
cycle at the average loudness of 64 dB with 71 dB peaks. The
daily exposure to music was similar to that reported previously
(19), except that Xing and colleagues used only K.448 in their
experiments. The final order of musical compositions delivered
in three parts was: Part 1: Sonata for Two Pianos in D Major,
K.448: I. Allegro con spirit; Symphony No. 41 in C Major K.551
Jupiter III; Symphony No. 41 in C Major K.551 Jupiter IV; Piano
Sonata No. 15 in C Major Sonata Semplice K545 III; Violin
Concerto No.4 in D Major, K.218: I. Allegro; Sonata for Two
Pianos in D Major, K.448: I. Allegro con spirit; Flute Concerto
No.2 in D Major, K.314: I. Allegro aperto; Piano Concerto No.22
in E Flat, K.482: 1. Allegro; Piano Concerto No.22 in E Flat,
K.482: 3. Allegro; Violin Concerto No. 1 in B Flat K.207 I; Violin
Concerto No. 1 in B Flat K.207 III; Sonata for Two Pianos in D
Major, K.448: I. Allegro con spiri. Part 2. Symphony No. 41 in C
Major K.551 Jupiter II; Piano Sonata No. 15 in C Major Sonata
Semplice K.545 II; Sonata for Two Pianos in D Major, K.448:
II. Andante; Piano Concerto No.22 in E Flat, K.482: 2. Andante;
Violin Concerto No. 1 in B Flat K.207 II Adagio. Part 3. Sonata
for Two Pianos in D Major, K.448: I. Allegro con spirit; Mozart:
Symphony #41 In C, K.551, “Jupiter”-3. Menuet & Trio; Piano
Sonata No. 15 in C Major Sonata Semplice K.545 I; Symphony
No. 46 in C K.96 I; Symphony No. 41 in C Major K.551 Jupiter
I; Symphony No. 41 ’Jupiter’, K.551: 4th movement; Sonata for
Two Pianos in D Major, K.448: I. Allegro con spirit; Sonata for
Two Pianos in D Major, K.448: III. Molto allegro.

Music-exposed animals were kept in a separate room during
the dark cycle in order to undergo music exposure, and were
moved to normal housing facilities during the light cycle.
Kindling animals were exposed to music beginning at the onset
of kindling. All animals were exposed to music for a minimum
of 3 weeks before testing. In order to assure music delivery at
the proper volume, prior to the experiments the volume has
been adjusted so that the average sound level during the playlist
was 70 dB. The measurements, performed using the dB Meter
iPhone app, were taken in the cages with fixed location of
the speakers (Bose Companion20). The volume was optimized
and the playlist delivered using a Mac laptop computer. The
automation of music delivery was facilitated using the Apple
Automator script. This program was responsible for setting the
volume at the predetermined level and playing the music each
day at the exact same time. The script was also set up to send
out e-mail notifications each time when the music was played so
that in case of a computer failure the lab personnel could start
the playlist manually. Additionally, the Apple Remote Desktop
was configured to enable remote computer control without
disturbing the experimental environment. Mice in the control
group were exposed to normal ambient noise continually. To
control for daily transferring between music exposure rooms and
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standard housing rooms, control mice were transferred between
testing rooms once daily.

Drug Preparation
All test compounds were administered to mice in a volume
of 10 ml/kg. Ibuprofen. Ibuprofen was suspended in 0.5%
methylcellulose (Sigma-Aldrich, St. Louis, MO) and vortexed
prior to administration to ensure complete dissolution or
micronized suspension. It was concentrated to 2.5 mg/ml and
given at a dose of 25 mg/kg body weight by intraperitoneal
(i.p.) injection. Testing occurred 30min following treatment.
Levetiracetam (LEV). LEVwas suspended in 0.5%methylcellulose
(Sigma-Aldrich, St. Louis, MO) and vortexed at least 15min
prior to administration to ensure complete dissolution or a
micronized suspension. It was concentrated at a 40 mg/ml, and
given at a dose of 400 mg/kg body weight. Testing occurred 1 h
after i.p. injection. CBD. CBD was suspended in a suspension
of 1:1:18 (ethanol, cremaphor, and phosphate-buffered saline,
PBS) by initial dissolution in ethanol followed by addition of
cremaphor and slow (drop-wise) addition of PBS. Each step
included vigorous mixing (by vortex) for several minutes to
ensure dissolution. The final test solution was prepared at a
concentration of 10 mg/ml and was administered at a dose of
100 mg/kg. Testing occurred 2 h after injection. NAX 505-5.
NAX 505-5 was suspended in a 1.0% (w/v) Tween 20 solution
(prepared in PBS) and mixed gently prior to administration to
ensure complete dissolution or a micronized suspension. It was
prepared at a concentration of 0.4 mg/ml, and administered at a
dose of 4 mg/kg. Testing occurred 1 h after i.p. injection.

Carrageenan Assay
Localized inflammation in the hindpaw of mice was induced
by injecting carrageenan (25 µl, 2% in 0.9% NaCl, λ-
carrageenan; Sigma-Aldrich, St. Louis, MO) subcutaneously
into the plantar surface of the right (ipsilateral) hindpaw, as
previously described (62). Carrageenan-induced inflammation
was verified (3 h post-carrageenan) using a caliper to assess paw
edema across the dorso-ventral aspect of both the carrageenan-
injected (ipsilateral) and the non-injected (left paw, contralateral)
hindpaw. Paw withdrawal responses from thermal stimulation
were assessed according to previously described methods
(63–65). Approximately 2.5 h after carrageenan injection, mice
were placed in plexiglass chambers on top of a heated glass
surface (30◦C) (IITC, Woodland Hills, CA, United States).
Testing coincided with the time of peak hyperalgesia following
carrageenan, as previously described (62, 66), 3 h following
carrageenan. Thermal stimulation was applied with a projection
bulb (IITC, Woodland Hills, CA, United States; 53 mJ, 35%
of maximal stimulus intensity) below the heated glass surface.
Latency to paw withdrawal was measured from the onset of
thermal stimulation until a full paw withdrawal occurred. Three
measurements were obtained from each paw, with at least 1min
between assessments, and subsequently averaged to obtain the
mean paw withdrawal latency. Because of the ease of testing and
positive, reproducible data in music vs. control studies in both
CF-1 and CD-1 strains, this model was chosen to determine
drug efficacy in combination with music in the CD-1 strain.

In drug treated groups, LEV, CBD, or 505-5 were administered
by i.p. injection, 2 h following carrageenan paw injection and
IBU was administered by subcutaneous injection 2.5 h following
carrageenan paw injection such that the time-to-peak effect
(TPE) would match the time of peak inflammation following
carrageenan (1 h post LEV, CBD, 505-5 or 30min post IBU; 3 h
post-carrageenan). Separate groups ofmice were also treated with
Veh, and Veh-treated mice were pooled (N = 8) comprising
individual groups of Veh-treated mice (N = 2) that were treated
alongside each drug group.

Plantar Incision Assay
The CD-1 mouse plantar incision assay was performed in a
similar manner to previously described methods (66). Mice were
anesthetized using 0.4–0.5% isoflurane and received a 5mm
incision on the plantar surface of the left hindpaw as well as
separation and elevation of the underlying plantaris muscle. The
muscle was replaced and the wound sutured. We previously
determined that mechanical allodynia following plantar incision
were comparable both 1 and 2 days following the initial injury
but that responses were more consistent on the second day
(data not shown). Hyperthermia latency was comparable from
4 h to 2 days after surgery (data not shown), and so was tested
the afternoon after morning surgery. Hyperthermia. Test was
performed on the day of surgery, allowing at least 4 h of recovery
time. Paw withdrawal responses from thermal stimulation were
assessed according to methods described above for thermal
testing in the carrageenan model. Von Frey Filaments. Two
days following surgery, mice were placed on an elevated wire
mesh rack (∼24 inches high) in plexiglass cages. This allowed
for access of the plantar surface of the hindpaw and testing
using von-Frey monofilaments. Filaments (10 g maximum fiber
stimulation) were applied to the mid paw plantar surface near
the incision. Individual paw responses to mechanical stimulation
were quantified using the Dixon up-down method and allowed
for determination of the 50% paw withdrawal threshold (PWT).

Corneal Kindling Assay
CF-1 mice were kindled according to the optimized protocol
defined by Matagne and Klitgaard (67) and Rowley and White
(68). Briefly, mice were stimulated twice daily (5 days/week)
with a corneal stimulation of 3mA (60Hz) for 3 s. Prior to each
stimulation, a drop of 0.9% saline containing 0.5% tetracaine
hydrochloride (Sigma-Aldrich, St. Louis, MO, United States)
was applied to the cornea to ensure local anesthesia and
good electrical conductivity. Stimulations were delivered 4 h
apart. Animals were considered kindled when they displayed
five consecutive stage five seizures according to the Racine
scale (69, 70).

Viral Infection-Induced Seizure Assay
Mice (C57Bl/6J; The Jackson Laboratory) exposed to the music
intervention for 21 days, or to the standard housing conditions
(control), were infected with Theiler’s Murine Encephalomyelitis
Virus (TMEV) by intracortical administration as described
elsewhere (71, 72). During the 7-day post viral infection
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period, the animals were evaluated for acute handling-induced
seizure severity.

Statistical Analysis
Single group comparisons were made using a t-test. Multiple
group comparisons were made using a one-way or a two-way
ANOVA followed by a Newman-Keuls or a Bonferroni post-
hoc test. Data analysis were completed using statistical software
(GraphPad Prism). A p< 0.05 was considered significant. Data
are presented as means ± standard error. Animals protected
(without seizure) were compared to those with seizures by the
Fisher’s exact test (corneal kindling). Survival in the kindling
model was evaluated using the Log-rank (Mantel-Cox) and
Gehan-Breslow-Wilcoxon tests. In the TMEV model, behavioral
seizures were evaluated using the Mann-Whitney U-test.

RESULTS

In order to test effects of music on analgesia and antiseizure
activity in animal models of epilepsy and pain, we created a
playlist comprising Mozart compositions previously shown to
reduce epileptic seizures or epileptiform discharges in PWE
(28, 31, 35, 36, 41, 42, 73, 74). The playlist was prepared and
delivered as described in the Methods section. Mice were either
exposed daily to music for at least 21 consecutive days (the
music-treated group), or maintained under ambient noise in the
standard housing conditions (the control group).

Analgesic Assays
In CD-1 mice, we first determined whether hyperalgesia
following intraplantar carrageenan would be reduced in music-
exposed animals. CD-1 mice (N = 5–8 per group) were evaluated
for thermal hyperalgesia following carrageenan administration
and, as shown Figure 1A and Table 2, there were no significant
differences in PWL between music-treated and control groups.
We then selected several analgesic compounds, including
approved analgesic drugs or novel analgesic drug candidates,
to be evaluated in control and music-exposed mice. Moderate
or sub-therapeutic doses of each compound (data not shown)
were therefore evaluated in combination with music treatment.
Mice receiving an acute dose of ibuprofen showed a significant
reduction in hyperalgesia when treated in combination with
music, as demonstrated by an increase in post-carrageenan PWL
in ibuprofen + music-exposed mice, whereas other compounds
did not significantly reduce this hyperalgesic response to
carrageenan (Figure 1B and Table 2). Plantar edema was also
evaluated in all carrageenan-treated mice and it was observed
that edema was reduced when music exposure was paired with
specific compounds. As illustrated in Figure 2 and Table 2,
we observed a reduction in post-carrageenan paw thickness
in music-exposed mice co-treated with the galanin analog
NAX 5055 or cannabidiol. This anti-edema effect was not
observed with other drugs tested. In addition to testing in
CD-1 mice, CF-1 mice were also evaluated in the carrageenan
assay following exposure to music. The CF-1 animal strain was
used for evaluation of anti-seizure effects of music exposure
and therefore this animal strain was also included in analgesic

FIGURE 1 | Analgesic effects of music-based intervention in the carrageenan

model of inflammatory pain in CD-1 mice. (A)—effects of 21-day exposure to

the Mozart playlist (MUSIC–blue; CONTROL–white) on paw withdrawal latency.

Carrageenan-injected (ipsilateral paws) show thermal hyperalgesia (reduced

withdrawal latency) in comparison to non-injected (contralateral) paws.

(B)—effects of music (MUSIC–blue; CONTROL–white) on activity of ibuprofen

following i.p. administration. Ibuprofen was administered at a dose of 25

mg/kg, 30min prior to testing. Hyperalgesia was observed in animals exposed

to control conditions whereas music-exposed and ibuprofen-treated animals

show a normalized response to thermal stimulation (reduction of hyperalgesia).

N = 5–8 per group. *P < 0.05, **P < 0.01, ***P < 0.001. Data were analyzed

using a two-way ANOVA followed by a Bonferroni post-hoc test.

testing in the carrageenan assay. In CF-1 animals, a moderate
analgesic effect of music was observed, as the difference score
of PWL (contralateral latency—ipsilateral latency) was reduced
in music-exposed mice (Figure 3A). Furthermore, there was
a reduction in carrageenan-induced edema in music-treated
mice (Figure 3B).

In addition to the inflammatory model of pain, we evaluated
thermal pain and mechanical allodynia in music-exposed
mice in a model of post-surgical pain. Incisional pain results
from a combination of innate factors responding to this
acute tissue injury, and involves both peripheral and central
pain pathways. There were no significant differences in PWL
to thermal stimulus between the music and control groups
(Figure 4A), whereas we observed significant increase in the paw
withdrawal threshold (incised (ipsilateral) paw normalized to
contralateral paw) following mechanical (von Frey) stimulation
(Figure 4B). The variance in response following plantar
incision suggests a greater benefit of music exposure in
mechanical stimulation rather than thermal stimulation.
Additional studies are needed to further explore the mechanisms
whereby music preferentially affects mechanical allodynia in
this model.

Frontiers in Neurology | www.frontiersin.org 5 March 2019 | Volume 10 | Article 277204

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Metcalf et al. Music-Enhanced Analgesic and Antiseizure Activities

TABLE 2 | Latency and edema differences (vs. contralateral) for both the control (ambient noise) and music-exposed CD-1 mice treated with various analgesic

compounds and evaluated in the carrageenan model of inflammatory pain.

Compound Latency difference (sec) % of Contralateral paw thickness

Control Music Control Music

Vehicle 3.68 ± 0.68 2.79 ± 0.69 149.9 ± 5.6 137.6 ± 7.5

Galanin analog NAX 5055, 4 mg/kg 2.91 ± 0.61 1.65 ± 0.60 130.7 ± 2.5 119.5 ± 3.6*

Levetiracetam, 400 mg/kg 2.30 ± 0.58 2.07 ± 0.50 158.7 ± 5.8 137.9 ± 10.50

Cannabidiol, 100 mg/kg 2.18 ± 0.50 1.39 ± 0.64 167.0 ± 9.34 133.2 ± 1.83**

Ibuprofen, 25 mg/kg 2.57 ± 0.90 0.18 ± 0.48* 143.0 ± 4.60 135.9 ± 1.6

Means ± standard error, N = 5–8 per group. *P < 0.05 compared to control. **P < 0.01 compared to control. Data were analyzed by t-test (music-exposed vs. control for each

treatment arm).

FIGURE 2 | Effects of music-based intervention on paw thickness (edema)

following carrageenan administration in CD-1 mice. (A)—Carrageenan-injected

(ipsilateral paws) show increased thickness (caliper measurement across the

dorso-ventral aspect of the paw) compared to non-injected (contralateral)

paws (MUSIC–blue; CONTROL–white). (B)—effects of music (MUSIC–blue;

CONTROL–white) on activity of Cannabidiol (CBD, 100 mg/kg) following i.p.

administration. CBD was administered 120min prior to testing. Edema was

observed following carrageenan in animals exposed to control conditions

whereas music-exposed and CBD-treated animals show a diminished edema.

N = 6–8 per group. ***P < 0.001. Data were analyzed using a two-way

ANOVA followed by a Bonferroni post-hoc test.

Epilepsy Studies
Previous studies suggested that exposure to the Mozart music
had antiseizure effects in rat model of absence seizures (34),
and can reduce cognitive impairment in rat model of status
epilepticus (54). We tested effects of the Mozart playlist on
seizures in the corneal kindling model of epilepsy in CF-1 mice.
Exposure to music did not affect the rate of kindling. There were
no significant differences between music-exposed and control
mice in acquisition of a fully kindled state (data not shown).

The mean number of stimulations required for the first seizure
to be observed was 4.2 ± 0.7 and 4.5 ± 0.5 for the control
and music-exposed groups, respectively. Similarly, there were
no differences in the number of stimulations to reach the first
generalized seizure (11.1 ± 2.3 and 11.1 ± 1.2 for control
and music-exposed groups, respectively). It also took a similar
number of stimulations to achieve a fully kindled status (33.6
± 2.9 and 37.5 ± 2.6 for control and music-exposed groups,
respectively). Interestingly, as summarized in Figure 5, though
there were no significant differences in the number of animals
that reached a fully kindled state (Figure 5A), once kindling was
established there was a significant reduction of seizure burden
(cumulative score of behavioral seizures) in music-exposed mice
(Figure 5B). Furthermore, music-exposed CF-1 mice had a
significantly higher survival rate (Figure 6).

In order to evaluate the potential effects of music exposure in
an inflammatory model of epilepsy, we also tested control and
music-treatedmice for the presence of handling-induced seizures
in the TMEV model of epilepsy. Prior exposure to music did not
have an effect on the presence of handling-induced seizures in
this model. Therefore, following intracortical administration of
TMEV, which produces a period (5–10 days) of increased seizure
susceptibility, bothmusic-exposed and control mice show similar
handling-induced seizure burden (see Figure 7). Although there
were no significant differences in seizure burden observed in
the TMEV assay, it is noteworthy that music exposure was
stopped on the evening prior to inoculation. Therefore, given
the potential for music exposure to mediate central inflammatory
responses, additional work is needed in this model that includes
music exposure throughout the acute infection period.

DISCUSSION

There is an increasing interest in non-pharmacological therapies
for the treatment of a number of disease states, including
chronic pain management. For example, the American College
of Physicians updated clinical guidelines recommending physical
exercise and yoga as the first line therapy for lower back
pain (75). While there are many animal studies on exercise-
induced analgesia (76, 77), analgesic properties of music
have been sparsely investigated in animal models (43) in
contrast to growing clinical evidence (22, 24–26, 78–82).
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FIGURE 3 | Analgesic effects of music-based intervention in the carrageenan model of inflammatory pain in CF-1 mice. (A)—effects of 21-day exposure to the Mozart

playlist (MUSIC–blue; CONTROL–white) on paw withdrawal latency difference. Latency differences (contralateral PWL–ipsilateral PWL) show that hyperalgesia was

observed in animals exposed to control conditions and music-exposed mice show a reduced latency difference.*P < 0.05. (B)—Effects of music-based intervention

on paw thickness (edema) following carrageenan administration in CF-1 mice. Edema was observed following carrageenan in animals exposed to control conditions

whereas music-exposed animals show a diminished edema (MUSIC–blue; CONTROL–white). **P < 0.01, ***P < 0.001. N = 5–8 per group. Data were analyzed using

either a t-test (A) or a two-way ANOVA followed by a Bonferroni post-hoc test (B).

FIGURE 4 | Effects of music intervention in plantar incision model of surgical

pain in CD-1 mice. (A)—Paw withdrawal latency (PWL; sec) following thermal

stimulation in mice following plantar incision. Incised paws (ipsilateral) show a

greatly diminished PWL as compared to non-incised (contralateral) paws.

****P < 0.0001. (B)—Paw withdrawal threshold to mechanical stimulation

following plantar incision. Thresholds in ipsilateral paws are shown as a

percentage (%) of the contralateral paw withdrawal threshold. *P < 0.05. N =

13–15. Data were analyzed using a two-way ANOVA followed by a Bonferroni

post-hoc test (A) or a t-test (B).

To the best of our knowledge, this is the first study
in animal models of pain illustrating how exposure to
music can enhance the antinociceptive activities of analgesic
drugs. Given gastrointestinal and cardiovascular toxicity of
NSAIDs, and liabilities of opioid-based analgesics, our current
work supports further investigation of combining music-based
interventions with analgesic compounds to develop novel

FIGURE 5 | Antiseizure effects of music-based intervention in the corneal

kindling model of epilepsy in CF-1 mice. (A)—The percentage of fully kindled

animals, as well as the number of fully kindled animals (number reaching fully

kindled status / N; e.g., 7/11 and 5/15 for CONTROL- (white) and MUSIC

(blue)-treated groups, respectively), is shown for each treatment group.

(B)—The cumulative seizure burden (sum of all Racine scores for each

stimulation) for all animals following achievement of fully kindled status. Mice

exposed to music showed a lower post-kindling seizure burden. *P < 0.05

compared to control kindled. Data were compared by a Fisher’s exact test

(A) or a t-test (B).

therapies for pain. Our preliminary results that music treatment
concurrently reduced pain and paw edema in the inflammatory
model of pain warrants more studies in arthritis-related
animal models.
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FIGURE 6 | Reduced mortality in animals exposed to daily music during

kindling development. A survival analysis was conducted for all animals (N =

20 per group at study start) during kindling acquisition in CF-1 mice. While

nearly 50% of control kindled animals die by the end of kindling acquisition, a

significantly lower portion of mice in the music (music + kindling) died during

this period. Groups were compared by Log-rank (Mantel-Cox) and

Gehan-Breslow-Wilcoxon tests.

FIGURE 7 | Evaluation of the effects of music treatment on handling-induced

seizures in the TMEV model of acquired epilepsy. Groups of mice (N = 10)

were exposed to either control conditions or music for a 3-week period prior to

inoculation with TMEV. Daily handling sessions occurred during day 3—day 7

post-inoculation wherein seizures were scored (Racine scale). The cumulative

seizure burden during this time is shown in (A). The final cumulative seizure

burden, expressed as a percentage of control-treated animals, is shown in

(B). Groups were compared by a Mann-Whitney U-test.

The antiseizure effects of the Mozart music in mice models
of epilepsy confirmed previously published observations in
rats (34). Given the clinical evidence supporting antiseizure
effects of Mozart music in patients with epilepsy (28, 33, 35–
42, 83), and preclinical evidence that the Mozart music can
upregulate expression of BDNF in the rat hippocampus and
reduce cognitive impairment in status epilepticus model in rats

(54, 84, 85), our findings warrant further investigation in other
models of epilepsy and epileptogenesis. This work also supports
research on the Mozart music in canine epilepsy (86). The
decrease in the kindling-related mortality in CF-1 strain of
mice (but not CD-1) was significant and unexpected, although
the Mozart music as a preventive therapy for SUDEP was
previously suggested (87). One possible mechanism by which
Mozart music may improve mortality is via cardiovascular effects
(33, 55, 83, 88), also relevant in the kindling experiments (89).
Our current results encourage more in-depth studies in SUDEP
animal models.

In these studies, we utilized multiple strains of mice to
evaluate the effect of music exposure on evoked pain and seizure
acquisition. CD-1 mice are commonly used for pharmacologic
and behavioral testing and therefore this strain was used for
analgesia assays. However, we observed that this strain of mice
does not survive kindling stimulation and therefore was not
evaluated in this model (data not shown). By contrast, CF-1
mice are routinely used in the kindling model and demonstrate
a robust and reproducible kindling acquisition rate (68, 90).
The reduction in mortality and post-kindling seizure burden in
the kindling model suggests the potential for music-mediated
disease burden and validates use of this strain for additional
testing. Therefore, we also evaluated this strain following music
exposure in pain models. Beneficial effects of music in the
kindling and pain models is suggestive of a potential anti-
inflammatory effect. Therefore, we also sought to evaluate anti-
seizure effects of music exposure in the TMEVmodel of epilepsy.
This model requires C57Bl/6J mice and therefore this strain was
used (91, 92).

We acknowledge many limitations of this present study which
was focused on surveying music effects in mouse pain and
epilepsy models, rather than in-depth mechanistic studies. Daily
exposure to the Mozart music was limited to only 3 weeks
prior to most tests, and this duration was based on previous
studies in rats (34). However, it is unclear if longer durations
could have more pronounced effects given that we observed
variations in effects of music depending on a strain of mice (CD-
1 vs. CF1). In pilot experiments, we did not observe significant
differences in seizure thresholds in the 6Hz, MES and minimal
clonic seizure models in the CD-1 strain, and no additional
antiseizure effects were observed in the presence of levetiracetam
and clobazam (data not shown). Another limitation was the use
of ambient noise for the control group instead of a “negative”
control (e.g., playing another type of music or white noise).
However, a negative control (retrograde inversion of Mozart’s
K.448) was previously used to show that specific musical
structures in Mozart’s K.448, such as rhythm, could account
for an increased expression of BDNF in the rat hippocampus
(85). Also specific physiological effects of the Mozart’s music
(as compared to “other” music) were reported elsewhere (55,
93), while there were no differences in expression of BDNF
between control (no sound) and the white noise as compared
to music intervention in mice (44). Further optimization of
exposure to music (daily exposure, total duration, volume,
compilation of specific musical compositions) is essential before
more conclusions can be drawn regarding what types of epileptic
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seizures and what types of pain are most sensitive to the music-
based intervention.

Mechanisms of Analgesic and Antiseizure

Effects of Music
Functional effects of music on the nervous system have been
extensively studied (56, 94–99). Music is complex by nature thus
creating additional challenges when dissecting a mechanism of
action for its analgesic and antiseizure properties. Herein, we
hypothesize that neuroactive effects of music may involve: (1)
the brain neuroplasticity through upregulation of BDNF (84,
85), (2) modulation of the parasympathetic tone (28, 33, 83),
and (3) possible contributions from the dopaminergic system
(4, 28, 100) and opioid receptors (101). Since music was shown
to decrease stress hormone cortisol (94, 102, 103), an additional
target for music-evoked antiseizure and analgesic activities can
be modulation of the HPA axis (103–108) and proinflammatory
cytokines such as IL-6 (94, 95, 109–112). However, it is important
to note that these potential mechanisms were not evaluated in
the current study and further investigation is required to test this
underlying hypothesis.

Our experiments showed more profound outcomes of music
in pain models as compared to those in epilepsy models.
These observations can be accounted for by numerous factors.
For example, our study protocol using a 3-week exposure
to music could favor responses associated with sub-chronic
modulation of the HPA axis and a reduction in post-insult
cytokine release. Further, anti-inflammatory effects of music
exposure may have multiple sites of action, including central
(spinal) and peripheral (dorsal root ganglion and nociceptor-
mediated) effects. If neuroplasticity-based changes in excitatory
and inhibitory pathways in the brain play a significant role in
music-evoked antiseizure effects, then longer-term exposure to
music may produce more outcomes in epilepsy animal models.
Noteworthy, Mozart music was shown to yield time-dependent
increase in the BDNF expression in the rat hippocampus with the
highest levels after 98 days (85). Due to limited data, it is currently
too speculative to infer differences in mechanisms involved in
music-mediated analgesia and antiseizure effects.

Interestingly, the Mozart music was shown to be “active”
in both humans and rodents, suggesting that a more universal
model may explain its “medicinal” properties. As illustrated
in Figure 8, our long term goal is to delineate how specific
musical structures (auditory stimulation) can be translated into
electrical patterns in the brain and the peripheral nervous
system, and subsequently into neurochemical signaling pathways
leading to reduction of seizures or antinociception. From a
translational perspective, interspecies differences in processing
sound must be taken into account. For example, mice hearing
extends into the ultrasonic frequencies and ranges from 1 to
ca. 100 kHz; by contrast, human hearing ranges from 20 to
20 kHz. In addition, “Hearing is most sensitive for humans
at frequencies of approximately 1 to 4 kHz and approximately
16 kHz for mice. Misunderstanding of the differences in
sensitivity to sound of different frequencies across species
could lead to the incorrect assumption that if humans can

hear a sound, mice can hear it as well.” (117). Studies
suggest that rodents may evolved the ability to process musical
rhythms via midbrain (118). Since the antiseizure effects of
the Mozart music were also observed in people with epilepsy
when music was delivered during sleep (42), we hypothesize
that rhythmic and melodic structures may exert diverse and
overlapping effects when processed by the brainstem, midbrain
and forebrain.

Likely musical elements in the Mozart K.448 that can in
part account for the observed effects are rhythm and tempo,
phrase structure and punctuation (or cadence). Indeed, this
may be due to the fact that there is a connection between a
basic periodic pulse in perception and physical and physiological
activities. “Many activities, such as sucking in newborn infants,
rocking, walking, and beating of the heart, occur with periods
of approximately 500ms to 1 s.” (119) The notion of periodicity
is important because the Mozart’s music is replete with periodic
repetition. Next, another of Mozart’s pieces, the piano sonata
in C Major, K.545 has also been found to have similar effects.
Accordingly, a comparative analysis of the first movement
of each piece yielded the following features that align with
periodic repetition: rhythm (via use of a rhythm schemata),
phrase length (specifically the Classical ideal of the four-bar
phrase) and the related phenomenon of punctuation, and
melodic sequences. In regards to rhythm, the first movement
of both pieces have a continuous flow of sixteen notes.
However, both pieces have objective rhythmization (in the
case of K.545—for instance—there is an eighth note on each
downbeat throughout the transition). The four-bar phrase and
melodic sequence demonstrate periodicity at a higher level
(i.e., there is more content). It seems likely that the periodic
structure present in both pieces may exert their physiological
effects, but more experiments are needed in order to support
this hypothesis.

Translational Implications of Studying

Enriched Environment
Digital therapeutics including mobile medical apps and
video games have been developed and already received the
regulatory approval for the treatment of diabetes, addiction,
stroke and traumatic brain injury (Table S1). For example,
following a pivotal clinical study, the music-based video
game, MusicGlove, received regulatory clearance by the Food
and Drug Administration as a stroke therapy (120, 121).
Positive data from clinical studies of digital technologies
for the treatment of pain suggest an emergence of “digital
analgesics” (11, 13, 14). Using digital therapeutics to deliver
non-pharmacological interventions such as music and/or
physical exercise creates new opportunities for combining
these modalities with pharmacotherapies and clinically-
validated natural products (4–6). While development of digital
therapeutics does not require preclinical testing (in contrast
to regulatory requirements for investigational new drug (IND)
enabling studies), translational implications of our study include:
(1) using EE as a preclinical surrogate for testing combinations
of non-pharmacological modalities for the treatment of pain
and other chronic diseases, and (2) preclinical testing and
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FIGURE 8 | Working model of mechanisms by which musical compositions can exert their analgesic and anticonvulsant activities. This model serves as a platform for

testing a number of specific hypotheses; not addressed in the present investigation. The auditory system processes acoustic waves with specific rhythm, sequences,

phrases and punctuation which generate action potentials in the nervous system. The role of specific musical structures (rhythm and pitch) in K.448 was studied in

rodents and humans (85), whereas high periodicity was proposed to account for the antiseizure effects (73). Musical tempo modulate emotions (113) which can in turn

affect pain processing (114, 115). Exposure to K.448 was shown to activate the parasympathetic nervous system (33). Music was shown to modulate the

hypothalamic-pituitary-adrenal (HPA) axis, decrease stress hormone cortisol and increase expression of BDNF in the hippocampus (44, 57, 85, 94, 95, 103). The roles

of prefrontal cortex (PFC) in pain processing (116) and music processing (97) have been studied. Further studies are required to test mechanism(s) of action of

music-enhanced analgesia and antiseizure activities.

TABLE 3 | Feasibility of using preclinical studies to support development of drug-device combinations of digital therapeutics with respective pharmacotherapies for

chronic diseases.

Indication Non-pharmacological intervention Pharmacotherapy

Modality Preclinical study Digital technology

Pain Music This work

Cancer pain model (43)

Mobile app delivering music (16) Analgesics

Pain Physical exercise Exercise-induced analgesia (123, 124) Mobile app delivering exercise (125) Analgesics

Epilepsy Music This work

Absence seizures model (34)

Mobile app delivering music and self-care (6) Antiseizure drugs

Depression Cognitive stimulation Enriched environment (61) Mobile app delivering behavioral intervention (126) Antidepressants

Cancer Physical exercise Gentle stretches (127)

Enriched environment (128)

Exercise-empowerment video game (129) Anticancer drugs

Multiple sclerosis Physical exercise Enriched environment (130) Mobile health exercise app (131) Immunomodulators

development of drugs in the presence of non-pharmacological
interventions (e.g. music, physical exercise, nutritional therapy,
EE) eventually leading to novel drug-device combination
products for the treatment of pain, epilepsy, depression, cancer
and other chronic diseases. Many failures of investigational
new drugs to reach primary end points in pivotal clinical
studies underscore opportunities for co-development of digital
therapeutics as innovative combination therapies. Given parallel
advances in developing new analgesics (122) and mobile
apps for pain (15), drug-device combination products offer
seamless integration and delivery of two modes of action
simultaneously. This paradigm is further illustrated in Table 3

and Figure 9.
Table 3 demonstrates how employing EE can be useful for

testing combinations of non-pharmacological interventions and
pharmacological compounds, thus potentially improving their
efficacy and potency. For pain, preclinical and clinical studies

suggest that EE and behavioral interventions exert analgesic
effects (45, 132, 133). Music has been shown to produce analgesia
in humans (25–27, 80, 82, 134) and in rats (43). Recent studies
also suggest analgesic activities of exposure to light in both
humans and rats (135, 136). The antinociceptive effects of
the green LED light were associated with down-regulation of
N-type calcium channels in dorsal root ganglion neurons, as
well as were reversed by naloxone, thus also implicating the
opioid-based analgesic mechanism (136). Herein, we propose
that studying combinations of multiple non-pharmacological
modalities can lead to non-invasive and non-addictive treatments
of pain (“digital analgesics”) which can also result in lowering
effective doses of analgesics and improving pain relief. To the best
of our knowledge, there are no published results on combining
analgesics with EE, except those studies indirectly suggesting
beneficial interactions between analgesic neuropeptide galanin
and physical exercise (137–139).
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FIGURE 9 | Developing music-based and behavioral interventions and their combinations with pharmaceutical drugs using digital therapeutics strategy. Streaming of

patient-preferred music can be combined with disease self-management and behavioral therapy yielding a mobile app for non-pharmacological interventions. Step 1:

Once the mobile app is clinically tested for efficacy in pivotal randomized controlled trial (RCT) and receives the regulatory approval or clearance, it becomes a mobile

medical app (software as a medical device). Step 2: testing clinical efficacy of combining a pharmaceutical drug (ibuprofen structure is shown as an example of an

analgesic drug) with the mobile medical app can lead to premarket application for the regulatory approval of drug-device combination product in which the mobile

medical app is a medical device.

As illustrated in Figure 9, behavioral therapies, music
and disease self-management can be combined with specific
prescription medications using drug-device combination
product regulatory mechanism, perhaps leading to reducing
adverse effects and improving patient engagement in therapies
(4). This drug-device combination strategy has apparent
benefits to treat pain or epilepsy because digital therapeutics
can simultaneously target depression as a comorbidity. Since
antidepressants and psychotherapies have comparably low
remission rates (30–40%) in patients with depression (140),
delivering depression-related digital content (e.g., physical
exercise and music) may help to ameliorate depressive
symptoms (20, 23, 126, 141–143). From preclinical development
perspectives, it is worth mentioning that EE was shown
to reduce seizures in temporal lobe epilepsy model in rats
(144) and depressive symptoms after seizures (49). Our study
also has implications for other chronic medical conditions
including cancer. Music and EE-based interventions may
serve as preclinical surrogate for developing adjunct digital
therapeutics for cancer patients (43, 58, 127), since music can
lower cancer-treatment biomarker IL-6 (94, 112, 145) while
EE and physical exercise can reduce tumor size and increase
lifespan in cancer animal models (127, 128, 146). Other clinical
opportunities to combine non-pharmacological modalities with
pharmaceutical drugs and biologics include Parkinson’s and
Alzheimer’s diseases (21), asthma (147), arthritis (148) and
affective disorders (143, 149).

From a drug development perspective, preclinical studies of
non-pharmacological intervention (e.g., music, physical exercise)
to improve potency, efficacy and therapy outcomes of IND
candidates can be translated into randomized controlled trails
in which IND candidates are clinically tested in conjunction
with digital therapeutic delivering the same type of non-
pharmacological intervention. Such innovative approaches to
developing drug-device combination therapies may be further
incentivized by unique ability of mobile apps to harness
GPS data for just-in-time adaptive interventions adjusted for
weather, air quality, or even seasonal changes (150–154). The

opportunity to tailor digital content based on forecast and
current atmospheric conditions was mentioned as a qualitative
feedback from a patient when testing a mobile app for
pain self-management (155). Taken together, delivering non-
pharmacological interventions by mobile technologies offers
innovative means to improve therapy outcomes for pain, epilepsy
and other chronic disorders.

CONCLUSION

Our current study suggest that music-enhanced analgesia may
lead to novel combination therapies comprising music and
analgesic drugs, whereas similar combinations for the treatment
of epileptic seizures need to be further investigated. Music-based
intervention can be integrated with other non-pharmacological
modalities and delivered as digital therapeutics for pain,
epilepsy, depression and other chronic medical conditions.
This work opens new opportunities for employing music and
EE as surrogate for discovering synergistic effects between
non-pharmacological and pharmacological interventions and
leading to innovative drug-device combination therapies for
chronic disorders.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a severe, toxic side effect that
frequently occurs in anticancer treatment and may result in discontinuation of treatment
as well as a serious reduction in life quality. The CIPN incidence rate is as high as 85–
90%. Unfortunately, there is currently no standard evidence-based CIPN treatment. In
several clinical trials, it has been reported that duloxetine can improve CIPN pain induced
by oxaliplatin (OXA) and paclitaxel (PTX); thus, The American Society of Clinical Oncology
(ASCO) recommends duloxetine as the only potential treatment for CIPN. However,
this guidance lacks the support of sufficient evidence. Our study shows that duloxetine
markedly reduces neuropathic pain evoked by OXA or PTX. Duloxetine acts by inhibiting
the activation of p38 phosphorylation, thus preventing the activation and nuclear
translocation of the NF-κB transcription factor, reducing the inflammatory response
and inhibiting nerve injury by regulating nerve growth factor (NGF). Furthermore, in
this study, it is shown that duloxetine does not affect the antitumor activity of OXA or
PTX. This study not only provides biological evidence to support the use of duloxetine
as the first standard CIPN drug but will also lead to potential new targets for CIPN
drug development.

Keywords: chemotherapy-induced peripheral neewopathy (CIPN), duloxetine, oxaliplatin (OXA), paclitaxel (PTX),
eripheral neuropathic pain, dorsal root ganglia (DRG)

INTRODUCTION

A major dose-limiting complication of chemotherapy is chemotherapy-induced peripheral
neuropathy (CIPN). The greatest contributors to CIPN are taxanes (e.g., paclitaxel) and platinum-
based (e.g., oxaliplatin) treatments (Krukowski et al., 2015). Paclitaxel (PTX) can effectively treat
several of the most common cancers including breast cancer, lung cancer, and ovarian cancer
(Ewertz et al., 2015; Cetinkaya-Fisgin et al., 2016; Hopkins et al., 2016). Oxaliplatin (OXA), a
third-generation diaminocyclohexane (DACH) platinum agent, is used as a first-line chemotherapy
in combination with 5-fluorouracil to treat resectable and advanced colorectal cancer
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(Ta et al., 2006). However, these chemotherapy drugs can induce
painful neuropathy at an incidence rate as high as 85–90%.
Patients with CIPN experience sensory dysfunction including
allodynia, hyperalgesia, dysesthesia, and paranaesthesia (Makker
et al., 2017). These symptoms can lead to chronic disabilities that
persist despite dose reduction and discontinuation of treatment.
Recent studies have evaluated chemotherapy-related neuropathic
pain. However, the mechanisms by which chemotherapy drugs
cause neuropathy are not well understood, which severely
limits development of novel therapeutic methods and drugs
(Taillibert et al., 2016).

Duloxetine is a balanced serotonin-norepinephrine reuptake
inhibitor. Recent clinical trials have shown that it can effectively
control painful CIPN induced by OXA and PTX (Piccolo and
Kolesar, 2013; Okuma et al., 2016). Thus, the American Society of
Clinical Oncology recommends duloxetine as the only treatment
for CIPN. However, the scientific evidence for this guidance
is limited and the mechanism of action of duloxetine has
not been characterized (Hershman et al., 2014). In our study,
we evaluated the neuroprotective effects of duloxetine using
CIPN models induced by paclitaxel or oxaliplatin in vivo and
in vitro. For in vitro experiments, methyl-thiazolyl-tetrazolium
(MTT) and ViaLight Plus kit were used to determine cell
viability, and immunofluorescence staining was used to measure
axon length. In vivo experiments demonstrated that CIPN was
partially improved by duloxetine in mice that developed pain
hypersensitivity and exhibited changes in cytokine levels and
intra-epidermal nerve fiber (IENF) density.

Furthermore, we investigated the potential mechanism of
action of duloxetine-mediated modulation of neuropathic pain
in dorsal root ganglia (DRG) of OXA- or PTX-treated mice.
Previous studies have shown that the inflammatory response
plays an important role in modulation of neuropathic pain
(Austin and Moalem-Taylor, 2010; Vallejo et al., 2010; Zhang
et al., 2013). Other studies have suggested that the inflammatory
response is also an important factor in CIPN reduction (Boyette-
Davis and Dougherty, 2011; Boyette-Davis et al., 2011). Recent
studies showed that MAPKs and NF-κB signaling participate
in development of OXA- and PTX-induced neuropathy (Li
et al., 2015; Chen et al., 2016; Yeo et al., 2016). In addition,
a previous study showed increased extracellular signal related
kinase (ERK1/2) and p38 signaling in the DRG. However, c-Jun
N terminal kinase and PI3K-Akt signaling were not increased
(Li et al., 2015). Our study showed that duloxetine improved
peripheral nerve fiber density and hypersensitivity behaviors,
and decreased levels of OXA- or PTX-induced NF-κB and
p-p38 proteins.

MATERIALS AND METHODS

Duloxetine Efficacy –
In vitro Experiments
Drugs
Oxaliplatin (Sigma, United States) was dissolved in sterile
water to a final concentration of 3 mM. PTX (100 mM,

Sigma, United States) and duloxetine (10 mM, Sigma, China)
were dissolved in dimethyl sulfoxide (DMSO). All drugs were
then diluted with culture medium to the indicated working
standard concentrations.

Cell Culture and Treatments
Dorsal root ganglia were dissected from Sprague-Dawley rats
within 1 day of birth. DRG were incubated with 3 mg/mL
of collagenase type I solution (Worthington Biochemical
Corporation) at 37◦C for 50 min. The suspension was
centrifuged at 1,500 rpm for 3 min and then suspended
in Neurobasal medium (Gibco, United States) supplemented
with 10% fetal bovine serum (FBS, Gibco, United States),
1% penicillin/streptomycin (Gibco, United States), 0.5 mM
L-glutamine (Gibco, United States), 0.2% glucose, 2% B27
supplement (Gibco) and 10 ng/mL of glial cell line-derived
neurotrophic factor (Peprotech, United States). All sterile tissue
culture plates were previously coated with Laminin (10 µg/mL,
Invitrogen, United States) and Poly-L-Lysine (150 µg/mL,
Sigma-Aldrich, United States).

Dorsal root ganglia neurons were cultured in 96-well plates or
in 24-well plates at a density of 5,000 cells per well and incubated
in a humidified 37◦C, 5% CO2 incubator. Cells were incubated
for 24 h for all experiments. The cells were exposed to PTX
(300 nM) for 24 h or OXA (3 µM) for 48 h with different
concentrations of duloxetine in culture medium containing 2%
serum. For untreated cells, only complete medium was added.

Axon Length Measurement
Dorsal root ganglia neurons were seeded on poly-L-lysine coated
glass and grown in 24-well plates. After drug treatment, neurons
were fixed with 4% paraformaldehyde solution and stained with
anti-βIII-tubulin antibody (1:2,000, Abcam, United States) at
4◦C overnight. Neurons were visualized using a fluorescence
microscope (IX71, Olympus, Japan). Random sampling was used
to determine axon length.

Assay of DRG Neuronal Cell Injury
Based on terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL), the Cell Death Detection Kit
(KGA7062, KeyGen, China) was used to measure nuclear
damage. In addition, cultured DRG cells were seeded on
poly-L-lysine-coated glass and grown in 24-well plates. After
experimental manipulations, neurons were fixed with 4%
paraformaldehyde for 30 min and permeabilised with 0.1%
Triton X-100. Then, the cells were incubated with TUNEL
reaction mixture in the dark for 60 min at 37◦C according
to the manufacturer’s instructions. Neurons were visualized by
fluorescence microscopy (IX71, Olympus, Japan).

Apoptosis Assay
Apoptosis was evaluated using the Alexa V-FITC/propidium
iodide (PI) Apoptosis Detection Kit (KGA107, KeyGen, China).
Cells were grown in 6-well plates and digested with trypsin. After
washing twice with PBS, cells were resuspended in 500 µl of
binding buffer and stained with Annexin V-FITC/PI for 15 min
on ice. The proportion of apoptotic cells was determined by flow
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cytometry (Accuri C6, BD, United States). Apoptotic cells were
indicated by positive Annexin V staining.

Effects of Duloxetine on the Antitumor Activity of
OXA or PTX
The cancer cell lines SUM-159 (breast cancer) and HT-29
(colorectal cancer) were plated in 96-well plates to assess the
effects of duloxetine on OXA- and PTX-induced cell death using
the MTT assay. SUM-159 cells were incubated in high glucose
DMEM (Hyclone, United States) and HT-29 cells were incubated
in RMPI-1640 medium (Gibco, United States) each containing
1% penicillin/streptomycin (Gibco, United States) and 10% FBS
(Gibco, United States). Varying concentrations of duloxetine,
300 nM PTX, or 30 µM OXA were added to the wells. For the
MTT assay, we added 10 µL of MTT (0.5 mg/mL) to each well.
After 4 h the supernatant was removed and the formazan crystals
were dissolved in 110 µL of DMSO. Absorbance was measured at
490 nm using a Multimode Plate Reader (Tecan, Switzerland).

ViaLight Plus
For these experiments, DRG cells were also grown in 96-well
white view plates. ATP levels were evaluated by the ViaLight Plus
Cell Proliferation and Cytotoxicity Bioassay Kit (Lonza, LT07-
121). After 24 h or 48 h incubation with the different regents, cells
were washed twice with PBS (100 µL per well). To this, 50 µL of
the cell lysis reagent was added, and cells were incubated in the
orbital shaker for 5 min at 800 rpm. After this time, 100 µL of
AMR Plus was added, and the plate was incubated for 2 min in
the dark before measurement with the Multimode Plate Reader
(SPARK10M, Tecan, Mannedorf, Switzerland).

Duloxetine Efficacy – In vivo Studies
Experimental Animals
All procedures involving animals were performed in accordance
with the ethical guidelines established by the International
Association for the Study of Pain (Zimmermann, 1983), and
the protocols were approved by the Animal Committee of
Nanjing University of Chinese Medicine (Approval number,
ACU171001). Male ICR mice weighing 18–22 g were used
for these experiments (Nanjing, QingLongShan, China). All
animals were kept in a humidity- and temperature-controlled
environment and were maintained on a 12:12 h light–dark cycle
and supplied with food and water ad libitum. All behavioral
experiments were performed by an individual blinded to the
treatment groups between 10 a.m–5 p.m.

CIPN Model and Drug Administration
Mice were randomly divided into six groups (n = 8 per
group). A 6 mg/mL stock solution of PTX was prepared in
cremophor:ethanol (1:1, v/v), then further diluted with 0.9%
sterile saline to a final injection concentration of 2 mg/mL.
OXA was dissolved in 5% glucose to a final concentration of
1 mg/mL. PTX (20 mg/kg) was injected intravenously (i.v.) into
the tail vein on days 1, 3, and 5 (Zhu et al., 2013) and OXA
(4 mg/kg) was injected intraperitoneally (i.p.) twice per week
for a total of eight injections. Normal control (CONTROL)

mice were injected with sterile saline, consistent with the drug-
treated groups. There were three duloxetine treatment groups,
including OXA with duloxetine (OXA+D), PTX with duloxetine
(PTX+D), and duloxetine alone (D). Duloxetine was prepared in
0.9% sterile saline and administered at a dose of 30 mg/kg/day
(i.p., 1 h prior to treatment with PTX or OXA). Each compound
was administered at 0.1 mL/10 g of body weight. All precautions
were taken to minimize animal suffering.

Behavioral Assessment
Behavioral tests were performed weekly (days 0, 7, 14, 21, and
28) after 5 h of drug administration. Prior to testing, the mice
were allowed 30 min to acclimate to the testing apparatus. The
experimenters were blinded to the drug treatment conditions
during behavioral testing.

Mechanical withdrawal threshold test
Mechanical hyperalgesia was assessed using a Dynamic Plantar
Aesthesiometer (DPA, Ugo Basile, Italy). Both the left and right
hind paws were tested. The DPA automatically detected and
recorded the latency time and the force of the withdrawal
reflex during each paw withdrawal. The paw withdrawal latency
test was performed in three times and the average value was
calculated (Btesh et al., 2013; Russe et al., 2013). A movable
force actuator was positioned below the plantar surface of the
animal. The maximum force was set at 10 g to minimize pain
in the animals and the ramp speed was 1 g/s. A Von Frey–
type 0.5 mm filament exerted increasing force until the animal
twitched its paw.

Thermal withdrawal latency test
Thermal hyperalgesia was tested on a plantar test (37370, Ugo
Basile Plantar Test Apparatus, Italy) according to standard
methods. Briefly, the plantar surface of the hind paw was exposed
to a radiant heat source under a glass floor. Three measurements
were taken during each test session. A 20-s cut-off time was
set to avoid possible tissue damage. At 5-min intervals between
consecutive tests, the hind paws were alternately tested (Wallace
et al., 2007; Btesh et al., 2013). The average of three latency
measurements was recorded as the result for each test.

Cold threshold test
Measurement of cold pain threshold was performed by a tail
immersion test in ice water according to standard methods. Each
mouse was lightly immobilized in a plastic fixator with their tail
dipped in 4◦C water and the tail withdrawal latency measurement
was taken. To prevent pain in the tail, a 15-s cut-off time was set.
The cold pain threshold test was repeated three times over 5-min
intervals. The mean latency was used as the result (Chen et al.,
2016; Kim et al., 2016).

Immunohistochemical Analysis and Quantification of
IENF Density
Following experiments, all mice were sacrificed. Their
plantar skin was dissected, fixed in PLP (Periodate-Lysine-
Paraformaldehyde) solution overnight, and stored in 4◦C. Prior
to analysis, the samples were dehydrated with 30% sucrose
overnight and embedded in OCT (Optimal Cutting Temperature
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compound) medium just prior to sectioning. Sections (30-µm-
thick) were prepared from the footpad skin perpendicular to
the epidermis using a sliding microtome. To ensure adequate
and systematic sampling, every sixth section of each tissue was
collected and a total of three frozen sections were used for
immunohistochemistry. Sections were treated with 0.025 M
potassium permanganate and 5% oxalic acid. Sections were
blocked with 5% normal goat serum in non-fat dry milk and
10% Triton X-100 for 4 h, followed by incubation with primary
antibody (the polyclonal neuron-specific marker anti-PGP9.5
at 1:200, ZSGB, China) overnight. After rinsing in TBS, sections
were placed in biotinylated goat anti-rabbit IgG (1:1,000, Bioss,
China) for 1 h, then in methanol/hydrogen peroxide/PBS for
30 min. Sections were incubated with the ABC Kit (Vector,
PK-6100) for 1 h and then the SG Substrate Kit (Vector, PK-
4700) until the desired darkness was reached. All slides were
dehydrated once with ethanol and were treated with xylene
following standard laboratory protocols. Images were captured
at 400× magnification using a microscopy digital camera
system (Olympus). Nerve fibers (PGP9.5 immunoreactive
tissues) crossing the dermo-epidermal junction were quantified
relative to the examined tissue length. At least four sections
per group were measured and averaged (Ko et al., 2014;
Areti et al., 2017).

Western Blot
On day 28, at the end of the behavioral test session, a total
of 48 animals were sacrificed for western blot assays. DRG
tissues were homogenized in radio immunoprecipitation
assay buffer. Total protein samples (30 µg) were separated by
10% SDS polyacrylamide gel electrophoresis at 100 V, then
transferred to PVDF membranes. After the membranes were
blocked for 1 h at room temperature in tris-buffered saline
Tween-20 (TBST) containing 5% skim milk, they were incubated
with primary antibodies specific for p38 MAPK (1:2,000, Cell
Signaling Technology, Danvers, MA, United States), p-p38
MAPK (1:2,000, Cell Signaling Technology), ERK (1:2,000,
Abcam, MA, United States), p-ERK (1:2,000, Cell Signaling
Technology), NF-κB (1:1,000, Abcam), and GAPDH (1:4,000,
Cell Signaling Technology) at 4◦C overnight, followed by three
washes with TBST solution, and incubation with secondary
antibodies (1:4,000, Cell Signaling Technology) for 1h at
room temperature (RT). Immunoreactivity was detected by
chemiluminescence.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Enzyme-linked immunosorbent assay was used to determine
whether duloxetine regulated the cytokine levels [nerve
growth factor (NGF), IL-6, TNF-α, and IL-1β] in vivo.
Orbital blood samples were collected centrifuged (3500 rpm,
15 min), and the supernatant was stored at −80◦C. Samples
were assayed using mouse NGF (MaiBo, MBE10062),
IL-6 (MaiBo, MBE10288), TNF-α (MaiBo, MBE10037),
and IL-1β (MaiBo, MBE10289) ELISA kits according
the manufacturer’s protocols. Optical density (OD) was

recorded at 450 nm with correction at 570 nm using a
Multimode Plate Reader (Tecan, Switzerland) (Kim et al., 2016;
Makker et al., 2017).

Immunofluorescence
Dorsal root ganglia neurons were seeded on poly-L-lysine coated
glass and grown in 24-well plates. After drug treatment, neurons
were fixed with 4% paraformaldehyde solution and stained
with anti-NF-κB antibody (1:2,000, Abcam, United States) at
4◦C overnight, followed by incubation with FITC-conjugated
goat anti-mouse IgG (1:200, Jackson, United States) for
1 h at RT in the dark. Nuclei were stained for 5 min
with diamidino-phenyl-indole (DAPI, Vector Laboratories).
Neurons were visualized using a fluorescence microscope (IX71,
Olympus, Japan).

Analysis of Changes in Gene Expression
Using Polymerase Chain Reaction (PCR)
The mRNA expression levels of IL-1β (Sangon Biotech,
5710324795, 5710324796), IL-6 (Sangon Biotech, 5710324791,
5710324792), and TNF-α (Sangon Biotech, 5710324793,
5710324794) were measured using a Real-Time PCR System
(Applied Biosystems, Foster City, CA, United States). Briefly,
total RNA was extracted from spinal cord DRG tissues using
TRIZOL reagent (Invitrogen, United States) according to
standard protocols, and cDNA was synthesized using ReverTra
Ace qPCR RT Master Mix with gDNA Remover (Toyobo
Co., Ltd., Life Science Department, Japan). Real-time PCR
experiments were conducted following the protocol for
TransStart Top Green qPCR SuperMix (TransGen Biotech).
The IL-1β forward primer was 5′-TTC AGG CAG GCA GTA
TCA CTC ATT G-3′ and the reverse primer was 5′-ACA CCA
GCA GGT TAT CAT CAT CAT CC-3′. The IL-6 forward
primer was 5′-AGA CTT CCA TCC AGT TGC CTT CTT
G-3′ and the reverse primer was 5′-CAT GTG TAA TTA
AGC CTC CGA CTT GTG-3′. The TNF-α forward primer
sequence was 5′-GCG ACG TGG AAC TGG CAG AAG-3′
and the reverse primer was 5′-GAA TGA GAA GAG GCT
GAG ACA TAG GC-3′. The GAPDH forward primer was
5′-TTC CTA CCC CCA ATG TAT CCG-3′ and the reverse
primer was 5′-CAT GAG GTC CAC CAC CCT GTT-3′.
The reaction conditions included denaturation at 94◦C for
5 s followed by annealing and elongation at 60◦C for 34 s.
To achieve specificity and maximum efficiency, the binding
positions of all primers were chosen to produce amplicons
of 90–120 bp, and gel electrophoresis was performed to
confirm the correct size of the primers and the absence of
non-specific bands.

Data Analysis
All data are expressed as the mean ± SEM and were analyzed
by two-way ANOVA with Dunnett’s multiple comparison test
using GraphPad Prism 5 software. Statistical significance was set
at P < 0.05.
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RESULTS

Duloxetine Prevented Neurotoxicity and
Axon Injury Induced by OXA or PTX in
Primary DRG Neurons
We used primary rat DRG neuron-Schwann cells to examine
the neurotoxicity of OXA and PTX. We also evaluated the
neuroprotective capacity of duloxetine against OXA or PTX-
induced neurotoxicity by measuring cell viability. Previous
studies indicated that decreased ATP levels were related to axonal
degeneration induced by PTX (Chen et al., 2007; Zhu et al.,
2013; Cetinkaya-Fisgin et al., 2016), so we measured cellular
ATP levels to evaluate duloxetine-induced neuroprotection. As
seen in Supplementary Figure S1A, OXA caused approximately
55% toxicity at 3 µM. When DRG cells were treated with
3 µM OXA combined with varying concentrations of duloxetine
(30 nM to 30 µM), duloxetine protected against OXA-
induced neurotoxicity from 100 nM to 3 µM (Supplementary

Figure S1B). As shown in Supplementary Figure S2A, we found
that cell viability was decreased by 25% following exposure to
300 nM paclitaxel. Duloxetine protected against PTX-induced
neurotoxicity at 300 nM (Supplementary Figure S2B).

Furthermore, to show that duloxetine can prevent the axonal
injury caused by OXA or PTX, we used immunofluorescence
staining and measured axon lengths. Duloxetine provided partial
protection against axonal degeneration induced by OXA or PTX
(Figures 1A,B).

Effect of Duloxetine on Neuronal
Apoptosis in DRG Cells Treated by OXA
or PTX
To determine whether duloxetine can play a neuroprotective
role by reducing chemotherapy-induced apoptosis, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay and flow cytometric analysis was performed. As shown in
Figure 2, we found that OXA increased apoptosis in the DRG,

FIGURE 1 | Effect of duloxetine on axonal injury caused by oxaliplatin or paclitaxel (A) Primary rat DRG neurons were grown and axons were extended for 24 h.
Neurons were then treated with OXA (3 µM) or duloxetine (3 µM) for 48 h. Cells were then subjected to immunofluorescence staining, and axon length measurements
were performed (∗∗∗p < 0.001 vs. control; ##p < 0.01; ###p < 0.001 vs. oxaliplatin alone). (B) Primary rat DRG neuronal cells were grown and axons were extended
for 24 h. Neurons were then treated with PTX (300 nM) or duloxetine (300 nM) for 24 h. Cells were then subjected to immunofluorescence staining, and axon length
measurements were performed (∗∗∗p < 0.001 vs. control; ##p < 0.01; ###p < 0.001 vs. paclitaxel alone). The results are expressed as the mean ± SEM (n = 10).
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FIGURE 2 | Effect of duloxetine on DRG neuronal apoptosis through flow cytometry and TUNEL assay. After growing in culture for 24 h, DRG neuronal cells were
exposed to OXA (3 µM) with (or without) duloxetine (3 µM) for another 48 h (A,C) or exposed to PTX (300 nM) with (or without) duloxetine (300 nM) for another 24 h
(B,D). (A,B):Cells were then double-stained with annexin V-FITC/PI. Annexin V-FITC fluorescence was measured with the FL1 channel, and PI fluorescence was
measured with the FL3 channel. Representative pictures are from one of three independent experiments with similar results. (C,D) The cell death of DRG was
examined by TUNEL assay. (∗p < 0.05, ∗∗∗p < 0.001 compared with control; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with model). The data are presented
as mean ± SEM. Representative pictures are from one of three independent experiments with similar results (×200).

and this increase was reversed by duloxetine. However, treatment
with PTX had no significant effect on neuronal apoptosis
compared to the control treatment. As such, our results indicated
that OXA induced neuronal apoptosis and PTX damaged axons.
Duloxetine partially blocked both effects. Administration of
duloxetine alone did not significantly affect neuronal apoptosis

compared to the control treatment. Analysis of annexin V/PI-
stained cells by flow cytometry allowed for quantitation of cells
that express (LR) annexin V-positive and PI-negative (early
apoptotic), (UL) annexin V-negative and PI-positive (necrotic),
(UR) annexin V-positive and PI-positive (late apoptotic), and
(LL) annexin V-negative and PI-negative (live cells).
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FIGURE 3 | Effect of duloxetine on the anticancer activity of OXA or PTX in vitro. (A,B) When HT-29 or SUM-159 cancer cells were grown in medium, OXA or PTX
reduced their cell viability by 20–80%. (C,D) Various concentrations of duloxetine together with OXA or PTX showed no significant changes in cell viability when
compared to treatments with OXA or PTX alone. (∗p < 0.05, ∗∗p < 0.01,∗∗∗p < 0.001 vs. control). All the data are the mean ± SEM for each experiment (n = 4).

Duloxetine Did Not Affect the Antitumor
Activity of OXA or PTX
For duloxetine to be effective clinically, it should not affect the
antitumor activity of OXA or PTX. We measured the viability
of HT-29 (colon cancer cell line) and SUM-159 (breast cancer
cell line) cells. Each of these cell lines was treated with various
concentrations of OXA or PTX, and different concentrations
of duloxetine, and cell viability was measured. As shown in
Figure 3A, OXA caused >50% cell death in HT-29 cancer cells
at or above 30 µM. Co-treatment with various concentrations of
duloxetine with 30 µM OXA did not reduce the ability of OXA
to kill HT-29 cancer cells (Figure 3C). As shown in Figure 3B,
300 nM PTX significantly reduced cancer cell viability by 50%
compared to the control treatment. However, the antitumor
effects of PTX were not altered by duloxetine (Figure 3D).

Effects of Duloxetine on Pain Behavior in
OXA- and PTX-Induced ICR Mice
To demonstrate duloxetine-induced protection against CIPN
in vivo, we used OXA- and PTX-induced neuropathic pain

models. The body weight of animals was presented in the
Supplementary Figure S3. As shown in Figure 4A, PTX, but
not OXA, caused significant heat hyperalgesia compared to
the control group. Co-treatment with duloxetine prevented
this effect. In contrast, OXA-treated mice, but not PTX-
treated mice, exhibited cold hypersensitivity compared to the
control group. Duloxetine treatment improved OXA-induced
cold hypersensitivity (Figure 4B). Both OXA and PTX treatment
led to mechanical hyperalgesia, and duloxetine increased the paw
withdrawal threshold as demonstrated in experiments that used
the DPA (Figure 4C). Duloxetine treatment alone did not induce
any significant differences compared to control treatment.

Duloxetine Partially Prevented Loss of
IENF in OXA- or PTX-Induced
Neuropathic Mice
Both OXA and PTX induced significant loss of IENF in the hind
paws, and this decrease was significantly blocked by combined
treatment with duloxetine (Figure 5 and Supplementary
Figure S6). Plantar nerve fibers were denser in the control
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FIGURE 4 | Partial prevention by duloxetine against OXA or PTX-induced peripheral neuropathy in ICR mice. (A) The effect of duloxetine on the heat withdrawal
latency in mice treated with vehicle or chemotherapeutic drugs (OXA and PTX) was evaluated. (B) The effect of duloxetine on the cold threshold in mice treated with
vehicle or chemotherapeutic drugs (OXA and PTX) was determined. (C) The effect of duloxetine on the mechanical withdrawal threshold in mice treated with vehicle
or chemotherapeutic drugs (OXA and PTX) was assessed. (∗p < 0.05, ∗∗p < 0.01,∗∗∗p < 0.001 vs. control; #p < 0.05,##p < 0.01, ###p < 0.001 vs. OXA;
1p < 0.05, 11p < 0.01 vs. PTX ). The data are presented as the mean ± SEM (n = 5–8).

group. Long-term chemotherapy resulted in decreased
nerve fiber density. Moreover, the number of nerve fibers
in the duloxetine treatment group increased. These results
suggested that duloxetine can improve plantar nerve injury
induced by OXA and PTX.

The Effect of Duloxetine on Expression
of NF-κB, p-p38 MAPK, and p-ERK1/2 in
the DRG of Mice
To explore potential mechanisms of action of modulation
of OXA- or PTX-induced neuropathy by duloxetine, protein
expression of NF-κB, p-p38, and p-ERK1/2 was measured. As
shown in Figures 6A,B and Supplementary Figure S4, protein
expression of NF-κB and p-p38 was significantly increased in the
OXA group compared with the control group. Co-administration
with duloxetine prevented OXA-induced up-regulation of NF-κB
and p-p38. However, neither OXA nor duloxetine significantly
affected expression of p-ERK1/2 (Figure 6C and Supplementary
Figure S4). Figure 7 and Supplementary Figure S5 shows that
expression of NF-κB, p-p38 to p38 ratio, and p-ERK1/2 to
ERK1/2 ratio were significantly increased in the DRG of PTX-
treated mice. Thus, PTX induced the expression of NF-κB, p-p38,
and p-ERK1/2 in the DRG. Moreover, these effects on NF-κB and
p-p38, but not ERK1/2, were significantly reduced by duloxetine.
These results suggested that NF-κB and p38 MAPK may play a
role in the neuroprotective effects of duloxetine against OXA or
PTX-induced peripheral neuropathy.

Effect of Duloxetine on the Expression of
Nuclear NF-κB in DRG Neuronal Cells
Treated With OXA or PTX
We performed immunocytochemistry to determine the
expression of NF-κB using fluorescence microscopy. As seen in
Figures 8, 9, treatment with OXA or PTX alone increased nuclear
NF-κB levels. This increase was attenuated by co-administration

with duloxetine. However, duloxetine treatment alone did not
increase nuclear NF-κB levels compared to the control group.

Duloxetine Modulated Changes in
Pro-inflammatory Cytokines Induced by
OXA or PTX in Neuropathic Mouse
DRG Tissues
Chemotherapy can result in changes in expression of
inflammatory factors (Makker et al., 2017). ELISA analyses
demonstrated that treatment with OXA and PTX resulted in
significantly increased levels of the pain-promoting inflammatory
mediators IL-1β, IL-6, and TNF-α compared to the control
treatment. Co-administration with duloxetine significantly
attenuated OXA- and PTX-induced increases in IL-1β and NGF,
but not IL-6 or TNF-α (Supplementary Table S1). Cytokine
levels did not differ in response to duloxetine compared those
in control mice. To further characterize inflammatory factors in
neuropathic DRG tissues, we determined the mRNA expression
levels of the pro-inflammatory cytokines IL-1β, IL-6, and
TNF-α using real-time PCR. IL-1β expression in the DRG was
significantly decreased in response to OXA or PTX treatment,
and duloxetine did not alter this decrease (Figures 10, 11).
However, duloxetine significantly decreased OXA- and PTX-
induced increases in the mRNA expression of IL-6 and TNF-α
in the DRG (Figures 10, 11). The results show that duloxetine
significantly regulated the mRNA expression of IL-6 and
TNF-α in the DRG, indicating that duloxetine can selectively
protect the DRG.

Duloxetine Regulated Changes in NGF
Induced by OXA or PTX in
Neuropathic Mice
Nerve growth factor is involved in the survival and maintenance
of sensory neurons and is also a key regulator of sensitivity and
sprouting of nociceptors. Our results showed that OXA and PTX
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significantly reduced NGF levels compared to the control group.
Co-administration with duloxetine increased OXA- and PTX-
induced decreases in NGF levels (Supplementary Table S1).

DISCUSSION

Chemotherapy-induced peripheral neuropathy causes
disability and some permanent symptoms, such as pain
and hypersensitivity, in up to 40% of cancer survivors (Park
et al., 2013). Despite advances in chemotherapy agents, there are
no FDA-approved analgesics for treatment of CIPN (Smith et al.,

2015). Consequently, many cancer patients have had to terminate
chemotherapy treatments and use less effective treatments. OXA
and PTX are both first-line chemotherapy agents, but they can
cause serious adverse reactions and sensory nerve dysfunction.

A previous study reported that duloxetine is the only
drug recommended by the American Society of Clinical
Oncology for treatment of chronic CIPN pain (Smith
et al., 2013). In clinical trials, duloxetine was reported
to have curative effects on OXA- and PTX-induced
CIPN (Hirayama et al., 2015). Duloxetine is a selective
inhibitor of serotonin and norepinephrine reuptake.
This reuptake is believed to be involved in regulation

FIGURE 5 | Effect of duloxetine on IENF retraction induced by OXA or PTX. Paw biopsies were obtained from the hind paws of mice when behavior tests were
finished. Tissues were fixed and stained with antibodies (PGP9.5) for IENFs. (A) Representative images from six groups are shown. (B) IENF density = number of
nerve fibers crossing the basement membrane/length of the basement membrane (mm). (Magnification × 400. ∗p < 0.05,∗∗p < 0.01,∗∗∗p < 0.001). The data are
presented as the mean ± SEM (n = 5).
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FIGURE 6 | Effect of duloxetine on phosphorylation of p38 MAPK and ERK1/2 expression in the neuropathic mouse DRG following oxaliplatin treatment.
(A) Duloxetine significantly decreased the expression of NF-κB protein in the DRG of OXA-treated mice. (B) Duloxetine significantly decreased the expression of
pp38 protein in the DRG of OXA-treated mice. (C) The ratio of pERK1/2 to ERK1/2 expression was not changed significantly following oxaliplatin treatment and
duloxetine did not modify p-ERK1/2 expression. (∗∗p < 0.01 vs. control, ##p < 0.01, ###p < 0.001 vs. OXA). The data are presented as the mean ± SEM (n = 4).

FIGURE 7 | Effect of duloxetine on NF-κB, phosphorylation of p38 MAPK and ERK1/2 expression in the neuropathic mouse DRG following PTX treatment.
(A) Duloxetine significantly decreased the expression of NF-κB protein in the DRG of PTX-treated mice. (B) Duloxetine significantly decreased the expression of pp38
protein in the DRG of PTX-treated mice. (C) The ratio of pERK1/2 to ERK1/2 expression was significantly increased after PTX treatment, but duloxetine did not
modify the p-ERK1/2 expression induced by PTX. (∗∗p < 0.01 vs. control, ∗∗∗p < 0.001 vs. control, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PTX). The data are
presented as the mean ± SEM (n = 4).
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of neuropathic pain (Piccolo and Kolesar, 2013; Okuma
et al., 2016). Our results reflected that there was no effect of
duloxetine on serotonin or NE level in the DRG cell culture
(Supplementary Figure S7).

In this study, we used primary rat DRG neurons (from
new-borns within 1 day of birth instead of embryonic day
15 rats). Based on previous reports and our experimental
results (Zhu et al., 2013), we chose 3 µM and 300 nM as
toxic doses for OXA and PTX, respectively. Our results
showed that OXA and PTX reduced neuron mitochondrial

activity and ATP levels. (Supplementary Figures S1, S2, S8)
These results were consistent with those from previous
studies (Xiao et al., 2011) and indicated that chemotherapy-
induced mitochondrial swelling resulted in decreased cellular
respiration and ATP production. However, duloxetine partially
blocked these effects, resulting in increased cell survival.
We found that although OXA and PTX caused significant
axonal degeneration, co-treatment with duloxetine treatment
enhanced neurite outgrowth. To assess whether duloxetine
altered the ability of OXA and PTX to kill tumor cells,

FIGURE 8 | Effect of oxaliplatin and duloxetine on the expression of nuclear NF-κB in DRG neuronal cells. DRG neuronal cells were treated with (or without) OXA
(3 µM) and duloxetine (3 µM) for 48 h and were double-stained with DAPI and NF-κB. The fluorescence intensity was observed using fluorescence microscopy
(×200). (∗∗∗p < 0.001 vs. control; ###p < 0.001 vs. OXA).
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FIGURE 9 | Effect of paclitaxel and duloxetine on the expression of nuclear NF-κB in DRG neuronal cells. DRG neuronal cells were treated with (or without) PTX
(300 nM) and duloxetine (300 nM) for 24 h and were double-stained with DAPI and NF-κB. The fluorescence intensity was observed using fluorescence microscopy
(×200). (∗∗∗p < 0.001 vs. control; ###p < 0.001 vs. PTX).

we measured the viability of HT-29 and SUM-159 cancer
cell lines. Clinically, OXA or PTX is commonly used to
treat colon and breast cancer patients (Cetinkaya-Fisgin

et al., 2016; Areti et al., 2017). Results of this experiment
showed that duloxetine did not block the chemotherapeutic
effects of PTX and OXA.
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FIGURE 10 | Transcript levels of the proinflammatory cytokines IL-1β, IL-6 and TNF-α in the mouse DRG. Total mRNA was extracted from mouse DRG tissues.
qPCR was performed and a comparison is shown between different groups after saline or 28 days of drug treatment. (A) IL-1β expression was significantly
decreased after OXA treatment, but duloxetine did not affect this decrease. (B) Duloxetine significantly decreased the expression of IL-6 mRNA in the DRG of
OXA-treated mice. (C) Duloxetine significantly decreased the expression of TNF-α mRNA in the DRG of OXA-treated mice. (∗∗p < 0.01, ∗∗∗p < 0.001 vs. control;
#p < 0.05 vs. OXA, ###p < 0.001 vs. OXA). The data are presented as the means ± SEM (n = 5).

FIGURE 11 | Transcript levels of the proinflammatory cytokines IL-1β, IL-6 and TNF-α in the mouse DRG. Total mRNA was extracted from mouse DRG tissues.
qPCR was performed and a comparison is shown between different groups after saline or 28 days of drug treatment. (A) IL-1β expression was significantly
decreased after PTX treatment, but duloxetine did not alter this decrease. (B) Duloxetine significantly decreased the expression of IL-6 mRNA in the DRG of
PTX-treated mice. (C) Duloxetine significantly decreased the expression of TNF-α mRNA in the DRG of PTX-treated mice. (∗∗p < 0.01, ∗∗∗p < 0.001 vs. control;
##p < 0.01, ###p < 0.001 vs. PTX). The data are presented as the mean ± SEM (n = 5).

In an OXA-induced chronic neuropathic pain mouse model,
mechanical and cold hypersensitivities were observed. In the
same mouse model PTX was also found to cause mechanical
and heat hypersensitivity. Our results showed that intraperitoneal
injection of duloxetine could alleviate these pain behaviors.
A previous study showed that NGF participates in mechanical
hyperalgesia development (Lewin et al., 2014). NGF not only
plays an important role in neuronal growth and survival, but
also acts as a crucial inflammatory mediator. Furthermore, NGF
may have also prevented degeneration of peripheral nerves in
clinical trials and experimental models of diabetic neuropathy
(Apfel et al., 1994; Connor and Dragunow, 1998; Apfel, 2002).
In our study, we observed that expression of NGF was decreased
in CIPN model mice and found that duloxetine reversed this
change and normalized the activity of neurons. Recent studies
have indicated that MAPK and NF-κB signaling contributed to
PTX-induced peripheral neuropathy and increased expression of
pro-inflammatory cytokines, such as IL-1β and TNF-α, within
the DRG (Doyle et al., 2012; Janes et al., 2014; Li et al., 2015;
Zhang et al., 2016). Some studies demonstrated that the protein
levels of IL-1β, and TNF-α were upregulated in rats with nerve
injury. Further studies indicated mechanical allodynia can be
alleviated by blocking the two proteins mentioned above (Wang
et al., 2008; Li et al., 2008). We found that duloxetine effectively

inhibited p38 phosphorylation and inhibited activation of NF-
κB. Our results also demonstrated that duloxetine inhibited
up-regulation of IL-6 and TNF-α mRNA in mouse DRG.
Cell transcription and protein expression occur sequentially
and follow different time courses of alteration in response to
stimuli. After 4 weeks of treatment with duloxetine, transcription
levels of IL-1β had decreased, and protein levels in serum
were still elevated. Moreover, because the DRG is not subject
to the blood-brain barrier, duloxetine can directly enter the
DRG, resulting in down-regulation of IL-1β mRNA levels.
Since chemotherapeutics may also affect other organs besides
the DRG, duloxetine treatment may not have regulated IL-1β

expression in the mice as a whole. These results suggested that
duloxetine can significantly prevent OXA- or PTX- induced
CIPN in a mouse model via suppression of pro-inflammatory
cytokines. Previous studies have suggested that chemotherapy
treatment is associated with decreased nerve fiber density
(Boyette-Davis et al., 2011; Bennett et al., 2014). This may be
due to reduced mitochondrial transport in peripheral sensory
axons (Xiao et al., 2011). Moreover, others have suggested that
decreased nerve fiber density may cause thermal hypersensitivity,
mechanical hyperalgesia, and promote spontaneous discharge
(Krukowski et al., 2015). Our study showed that duloxetine
treatment protected against loss of IENF in the hind paws and
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prevented mechanical and heat hypersensitivity. Furthermore,
our study showed that duloxetine administration can prevent
development of peripheral neuropathy in animal models.

Our results illustrated that NF-κB and p38 MAPK in
the DRG were involved in the mechanisms underlying the
neuroprotective effects of duloxetine against OXA- and PTX-
induced neuropathic pain. Further studies may help to elucidate
the mechanisms by which duloxetine attenuates peripheral
neuropathy at the genetic level.

CONCLUSION

Our results suggested that duloxetine may be an effective
treatment for OXA- and PTX-induced peripheral neuropathy.
Furthermore, we showed that duloxetine did not reduce the
chemotherapeutic efficacy of PTX or OXA. To our knowledge,
this is the first report demonstrating the neuroprotective
properties of duloxetine both in vitro and in vivo. In addition,
we showed that duloxetine may act by blocking activation
of the MAPK signaling pathways, thus preventing NF-κB
activation and translocation into the nucleus. NGF may have
facilitated duloxetine-induced inhibition of nerve degeneration.
Our findings suggested that duloxetine may be a first-line option
for treatment of CIPN.
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Complex regional pain syndrome type 1 (CRPS-I) is a debilitating pain condition that
significantly affects life quality of patients. It remains a clinically challenging condition
and the mechanisms of CRPS-I have not been fully elucidated. Here, we investigated
the involvement of TRPV1, a non-selective cation channel important for integrating
various painful stimuli, in an animal model of CRPS-I. A rat model of chronic post-
ischemia pain (CPIP) was established to mimic CRPS-I. TRPV1 expression was
significantly increased in hind paw tissue and small to medium-sized dorsal root
ganglion (DRG) neurons of CPIP rats. CPIP rats showed increased TRPV1 current
density and capsaicin responding rate in small-sized nociceptive DRG neurons. Local
pharmacological blockage of TRPV1 with the specific antagonist AMG9810, at a dosage
that does not produce hyperthermia or affect thermal perception or locomotor activity,
effectively attenuated thermal and mechanical hypersensitivity in bilateral hind paws of
CPIP rats and reduced the hyperexcitability of DRG neurons induced by CPIP. CPIP
rats showed bilateral spinal astrocyte and microglia activations, which were significantly
attenuated by AMG9810 treatment. These findings identified an important role of
TRPV1 in mediating thermal and mechanical hypersensitivity in a CRPS-I animal model
and further suggest local pharmacological blocking TRPV1 may represent an effective
approach to ameliorate CRPS-I.

Keywords: pain, CRPS-I, TRPV1, dorsal root ganglion neurons, glia

INTRODUCTION

Complex regional pain syndrome (CRPS) is a severe and debilitating pain condition which can
be induced by surgery, fractures, limb trauma, ischemia or nerve lesion (Goh et al., 2017; Birklein
et al., 2018). Epidemiological studies estimated an overall incidence rate of CRPS was 26.2/100,000
person years (de Mos et al., 2007). CRPS can develop into chronic condition which severely
affects the daily activity and life quality of the patients (Urits et al., 2018). CRPS can be further
divided into two subtypes: type-I without identifiable nerve injury and type-II with identifiable
nerve injury (Urits et al., 2018). CRPS-I is usually initiated after an initial noxious event and
is accompanied with edema, changes in skin blood flow as well as thermal and mechanical
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hyperalgesia/allodynia in the affected area (Shah and Kirchner,
2011; Vieira et al., 2017). Physiotherapy, sympathetic blockade,
corticosteroids, and non-steroidal anti-inflammatory drugs are
available treatment options for CRPS-I (Hord and Oaklander,
2003). However, all of these options showed inadequate
therapeutic effects on CRPS-I, rendering it a clinically difficult to
treat pain condition.

The mechanisms underlying CRPS-I still remain largely
unknown. Chronic post-ischemia pain (CPIP) rat model is a
well-recognized animal model of CRPS-I, which reproduces
peripheral pathology of CRPS-I via ischemia/reperfusion of the
hind paws of rats (Coderre et al., 2004). The CPIP model induces
early hyperemia and edema, which are followed by chronic
neuropathic-like pain symptoms, including spontaneous pain,
long-term mechanical and thermal hypersensitivities (Coderre
et al., 2004; Luo et al., 2016; Vieira et al., 2017; Garrido-Suarez
et al., 2018; Tang et al., 2018). These symptoms recapitulate the
typical features of CRPS-I in human patients. By means of this
model, several mechanisms, including central glial activation,
central pain sensitization, reactive oxygen species increase and
activation of peripheral TRPA1, etc. have been proposed to
contribute to CRPS-I (Klafke et al., 2016; Kim et al., 2017;
Yeo et al., 2017; Tang et al., 2018).

TRPV1 is a non-selective cation channel exclusively expressed
in nociceptive primary sensory neurons (Caterina and Julius,
2001). It is a polymodal channel which responds to varies physical
and chemical stimuli, including heat, acid pH and mechanical
stimulus (Jardin et al., 2017). It is also the principal detector
of noxious heat in the peripheral nervous system and plays an
important role in mediating thermal hyperalgesia (Caterina et al.,
2000; Davis et al., 2000). Genetic ablation or pharmacological
blockage of TRPV1 significantly alleviates pain responses in
animal models of chronic pain conditions (Szabo et al., 2005;
Vilceanu et al., 2010; Wu et al., 2013; Chung et al., 2016).

In order to study the mechanisms underlying CRPS-I, we
established the rat model of CPIP. We examined the expression
of TRPV1 in peripheral tissue and DRG neurons of CPIP model
rats and we studied whether CPIP model could induce peripheral
sensitization of TRPV1 channel and enhance DRG neuron
excitability. Then we examined the therapeutic effects of locally
applied TRPV1 specific antagonist AMG9810 on pain responses
of CPIP model rats. Lastly, we explored the effects of AMG9810
on DRG neuron hyperexcitability and spinal glial activation
induced by CPIP. Our results demonstrate that TRPV1 plays
an important role in mediating the behavioral hypersensitivity
of CPIP model rats via promoting peripheral nociceptor activity
and spinal glial activation. Pharmacological blockage of TRPV1
may provide an effective therapeutic approach to ameliorate pain
responses of CRPS-I patients.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley (SD) rats (8–10 weeks, 300–320 g) were
purchased from Shanghai Laboratory Animal Center, Chinese
Academy of Sciences and housed in the Laboratory Animal

Center of Zhejiang Chinese Medical University accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) under standard environmental
conditions (12 h light–dark cycles and 24 ± 2◦C). Food and
water were provided ad libitum. Rats were randomly allocated
and 4 rats were housed per cage. The rats were given a minimum
of 1 week to adapt to new environment before experiment.
All experimental procedures were carried out in accordance
with National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978)
and approved by the Animal Ethics Committee of Zhejiang
Chinese Medical University.

CPIP Rat Model Establishment
Chronic post-ischemia pain was established through exposure
to prolonged hind paw ischemia and reperfusion as described
previously (Coderre et al., 2004). Anesthesia was induced in all
rats with an intraperitoneal injection of 50 mg/kg of sodium
phenobarbital and was maintained with an infusion of sodium
phenobarbital at 20 mg/kg/hr. An O-ring with 7/32 internal
diameter was tightly passed around the right hind limb just
proximal to the ankle joint. The O-ring was then cut off 3 h
later for reperfusion. Sham rats received the same anesthetic
procedure but the ankle was surrounded with a cut O-ring which
did not block blood flow.

Drugs and Administration
AMG9810 (Tocris, United States) was prepared as stock in
DMSO and further diluted to 1:1000 in PBS. AMG9810 was
applied via intraplantar injection (0.8 µg/25 µl) to the ipsilateral
hind paw 40 min before behavioral test. AMG9810 dosage used is
based on the effective local dosage reported before (Chung et al.,
2015). Sham group rats received vehicle (0.1% DMSO in PBS)
injection. Rats received AMG9810 or vehicle treatment daily after
CPIP model establishment. All injections were administered by a
researcher who was not involved in the behavioral testing.

Hind Paw Edema
Hind paw edema was evaluated as an increase in paw diameter,
measured with a digital caliper and was calculated as the
difference between the basal value and the test value observed at
different time points after CPIP model establishment.

Rectal Temperature Assessment
Ambient temperature was automatically regulated at 22 ± 2◦C.
Rats were anesthetized with isoflurane before the measurement.
The isoflurane vaporizer was adjusted to approximately 3–
5% for anesthesia induction and approximately 1–3% for
maintenance. The rectal thermometer was lubricated with
vaseline before insertion. The rectal temperature was measured
by gently inserting the digital rectal thermometer to a length
of 4–5 cm intrarectal until a stable reading was obtained.
After measurements, the probe was cleaned with 70% alcohol.
A baseline of rectal temperature was measured before AMG9810
or vehicle treatment (0 h). Then AMG9810 was applied via
intraplantar injection into the right hind paw (0.8 µg/paw in

Frontiers in Pharmacology | www.frontiersin.org 2 April 2019 | Volume 10 | Article 453232

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00453 April 24, 2019 Time: 17:29 # 3

Hu et al. TRPV1 Contributes to CRPS1

25 µl volume) and control group received vehicle (0.1% DMSO
in PBS) treatment. Then rectal temperature was measured at 0.5,
1, 1.5, 2, and 2.5 h after baseline measurement.

Nocifensive Behavioral Test
Mechanical allodynia: Rats were habituated to the test
environment daily for a consecutive 3 days before baseline
test. Rats were individually placed in transparent plexiglass
chambers on an elevated mesh floor and were habituated for
30 min before test. The mechanical hyperalgesia was determined
using a series of von Frey filaments (UGO Basile, Italy) applied
perpendicularly to the midplantar surface of the hind paws, with
sufficient force to bend the filament slightly for 3–5 s according
to methods we previously used (Chai et al., 2018). An abrupt
withdrawal of the paw and licking and vigorously shaking in
response to stimulation were considered pain-like responses. The
threshold was determined using the up-down testing paradigm,
and the 50% paw withdrawal threshold (PWT) was calculated by
the non-parametric Dixon test [29, 30].

Thermal hyperalgesia: The Plantar Test Apparatus (Ugo
Basile, Italy) was used to evaluate thermal hyperalgesia according
to previously described. A radiant light beam generated by a light
bulb was directed into the right hind paw in order to determine
the paw withdrawal latency (the time spent to remove the paw
from the stimulus). A 25 s cutoff threshold was set to avoid
excessive heating to cause injury. Significant decreases in paw
withdrawal latency were interpreted as thermal hyperalgesia. All
above behavior tests are conducted by an experimenter blinded to
experimental conditions.

Rotarod Test
Rats were placed on a rotating cylinder with the speed increasing
from 5 to 40 rpm in 2 min for four consecutive days for
habituation. AMG9810 was applied via intraplantar injection
into the right hind paw (0.8 µg/paw in 25 µl volume) for a
consecutive of 4 days from Day 1. Control group received vehicle
(0.1% DMSO in PBS) treatment. 40 min after each AMG9810
or vehicle treatment, rats were put on rotarod and tested. Tests
were repeated 3 times, with 5 min breaks. Falling latency was
determined by a stopwatch and averaged. Different batches of rats
were used to test mechanical allodynia, thermal hyperalgesia and
rotarod test, respectively, in order to avoid the influence of the
tests on each other.

Western Blot
Rats were sacrificed after behavioral test on days 7 and 14,
respectively. After anesthetized with pentobarbital (40 mg/kg),
the rat was cut open below the diaphragm and the rib cage
was cut rostrally on the lateral edges to expose the heart.
A small hole was cut in the left ventricle and the needle
was inserted into the aorta and clamped, then the right
atrium was cut to allow flow. The animal was transcardially
perfused with 150 mL cold sterilized 0.9% saline until liver
was cleared of blood. Then the ipsilateral L4–6 segments of
the DRG, lower part of the spine (T10-L6) and hind paw
skin were rapidly removed on ice, and then the spinal cord
was flushed out with a forceful injection of ice-cold PBS

into the caudal end. Tissues were immediately removed and
stored at −80◦C. Tissues were homogenized in RIPA buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, sodium orthovanadate, 0.1% SDS, EDTA,
sodium fluoride, leupeptin, and 1 nM PMSF). The homogenate
was allowed to rest on ice for 30 min and then centrifuged
at 15,000 rpm for 15 min at 4◦C and the supernatant was
collected. The protein concentration was determined using
the BCA method according to the kit’s instruction (Thermo
Fisher, United States) and 20 µg of protein was loaded in
each lane. Protein samples were separated on 5–10% SDS-
PAGE gels and electrophoretically transferred to polyvinyl
difluoride (PVDF) membranes (Bio-Rad, United States). The
membranes were blocked with 5% non-fat milk at room
temperature for 1 h, followed by overnight incubation at
4◦C with the following primary antibodies diluted in blocking
buffer: anti-TRPV1 rabbit polyclonal antibody (1:1000, Abcam).
Subsequently, the immunoblots was incubated with the 2nd
antibodies (1: 8000, CST) for 2 h at room temperature. Rabbit
anti-GAPDH (HRP Conjugate) (1:1000, Abcam) was used as
internal control. The immunoreactivity was detected using
enhanced chemiluminescence (BIO-RAD, United States) and
visualized with an Image Quant LAS 4000 (EG, United States).
The density of each band was measured using Image Quant TL
7.0 analysis software (GE, United States). The mean expression
level of the target protein in the animals in the sham group was
considered to be 100% and the relative expression level of the
target protein in all animals was adjusted as a ratio to the level
of the Sham group.

Immunofluorescence Staining
Rats were deeply anesthetized with sodium pentobarbital
(40 mg/kg) and were perfused transcardially with 200 mL
0.9% saline (4◦C) followed by 200 ml of 4% formaldehyde.
The ipsilateral L4-6 dorsal root ganglia (DRG) and the spinal
cord were harvested (contralateral side of the spinal cord was
labeled by piercing a needle into the anterior horn) and post-
fixed in the same fixative for 4 h (4◦C) before transfer to
15%, 30% sucrose for 72 h for dehydration. Several days later,
DRG were serially cut into 14 mm thick sections on a frozen
microtome (Thermo NX50, United States) and mounted on
gelatin-coated glass slides as 6 sets of every 5th serial sections.
The spinal cord was also serially cut into 10 mm thick transverse
sections were cut on a cryostat to make the slide. All the
slides were blocked with 5% normal donkey serum in TBST
(with 0.1% Tween-20) for 1 h at 37◦C and then incubated
overnight with corresponding primary antibodies. The primary
antibodies used were rabbit anti-TRPV1 (ab6166, Abcam), mouse
anti-GFAP (Abcam), mouse anti-OX42 (Abcam), rabbit anti-
NeuN (Abcam). The specificity of the TRPV1 antibody has
been validated using TRPV1 knockout mice in a previous study
(North et al., 2018). The following day, the sections were
rinsed with TBST (6 × 10 min) and incubated for 1 h with
a mixture of corresponding secondary antibodies. Fluorescence
images were captured by Nikon A1R laser scanning confocal
microscope (Nikon, Japan) or Olympus BX61VS virtual slide
microscope (Olympus, Japan). For quantitative fluorescence
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intensity analysis, uniform microscope settings were maintained
throughout all image capture sessions. For calculating % of
TRPV1 positive neurons, the number of TRPV1 positively
stained DRG neurons were divided by the total number of
DRG neurons identified by positive NeuN staining. All stained
sections were examined and analyzed in a blinded manner. 3–5
images were randomly selected per rat tissue and averaged and
then compared according to methods described in our previous
studies (Liu et al., 2016a,b).

DRG Neurons Culture and Patch Clamp
Recording
Ipsilateral L4-6 DRG neurons were acutely dissociated as
previously described (Liu et al., 2010). Neurons were cultured
with DMEM plus 10% fetal bovine serum. The patch-clamp
recordings were performed within 48 h. TRPV1 currents
were recorded using whole-cell patch clamp technique. Patch
pipettes with a resistance of 3–5 M� were fabricated from
hard borosilicate glasses using a pipette puller (P-97; Sutter
Instruments, Novato, CA, United States). Membrane currents
were acquired using an Axopatch-200B amplifier (Axon
Instruments, Sunnyvale, CA, United States), low-passed at
2 kHz, and sampled at 2–10 kHz. The extracellular solution
had the following composition (in mM): NaCl 150, KCl 5,
CaCl2 2.5, MgCl2 1, glucose 10, and HEPES 10 (pH 7.4 with
NaOH). The internal pipette solution contained (in mM):
KCl 140, MgCl2 1, CaCl2 0.5, EGTA 5, HEPES 10, and ATP
3 (pH 7.4 with KOH). Small diameter DRG neurons with
Cm < 42 pF were recorded in our test. For voltage clamp,
cells were constantly held at −60 mV. Cells were injected
with a series of 1 s current from 50 to 500 pA in 50 pA
increments (step) or with a linear ramp of current from 0 to
1,000 pA (0.5 s duration) to record action potentials. Data were
analyzed with Clampfit 10.2 (Axon Instruments) and Origin 8.0
(Originlab Corporation).

Statistical Analysis
Statistical analysis was conducted using SPSS 19.0 (SPSS
Inc., Chicago, IL, United States). Results were expressed as
mean± SEM. One-way or two-way ANOVA followed by Tukey’s
post hoc test was used for comparison among groups ≥3.
Student’s t-test was used for comparisons between two groups.
Comparison is considered significantly different if P < 0.05.

RESULTS

CPIP Model Rats Exhibit Persistent
Mechanical Allodynia and Thermal
Hyperalgesia
We established the rat CPIP model according to methods
described before (Coderre et al., 2004). An O-ring tourniquet
was used to clamp the right ankle joint for 3 h to block the
blood flow to the hind paw. During the procedure, the paw
exhibited skin cyanosis, indicating tissue hypoxia (Figure 1A).
10 min after reperfusion, the ipsilateral hind paw, in contrast to

contralateral hind paw, was filled with blood and showed edema,
demonstrating an intense hyperemia (Figures 1A–C). The edema
gradually returned normal 72 h after CPIP model establishment
(Figure 1B). 7 days after CPIP model establishment, the
ipsilateral paw exhibited dry and shiny appearances (Figure 1A),
which were consistent with previous findings (Coderre et al.,
2004). We measured the nocifensive behaviors of ipsilateral and
contralateral hind paws of CPIP model rats for a consecutive of
14 days. As shown in Figures 1D,E, CPIP model rats developed
obvious signs of mechanical allodynia in both ipsilateral and
contralateral hind paws, which appeared 1 day after CPIP
model establishment (Figures 1D,E). Mechanical allodynia in
the ipsilateral paw lasted until 14 days (Figure 1D). We also
observed obvious thermal hyperalgesia in both ipsilateral and
contralateral hind paws of CPIP model rats, which appeared 1 day
after model establishment (Figures 1F,G). Thermal hyperalgesia
in the ipsilateral paw lasted until 14 days of the observation
period (Figure 1F).

CPIP Increases TRPV1 Expression in
DRG Neurons and Hind Paw Skin Tissues
TRPV1, a non-selective cation channel, is well known for
integrating various painful stimuli in the peripheral sensory
neurons. In order to gain insights into the molecular mechanisms
underlying CPIP-induced pain, we examined TRPV1 expression
in DRGs that innervate the ipsilateral hind paw. Ipsilateral
L4-6 DRGs were isolated 7 and 14 days after CPIP model
establishment. We detected TRPV1 protein expression in DRG
neurons using immunofluorescence staining. All DRG neurons
were identified by NeuN staining (Figure 2A). Compared
with Sham group, the percentage of TRPV1 positive DRG
neurons among all DRG neurons (Neun+) were significantly
more in CPIP-7 d group than Sham group (Figures 2A,B).
The TRPV1 fluorescent staining intensity per observation
field was stronger in CPIP-7 d group than Sham group
as well (Figure 2C). We analyzed the size distribution of
TRPV1+ DRG neurons. Immunofluorescence staining revealed
that TRPV1 expression was mostly increased in small to
medium-sized DRG neurons of CPIP group compared with
Sham group (Figure 2D). Western blot further showed that
TRPV1 expression was significantly increased in DRGs of
CPIP-7 d and CPIP-14 d group compared with Sham group
(Figure 2E). We then examined the expression of TRPV1
in ipsilateral hind paw skin tissue of CPIP model rats. As
shown in Figure 2F, TRPV1 protein expression in hind paw
skin tissue was significantly increased in CPIP-7 d and CPIP-
14 d groups compared with Sham group. The above results
indicate that CPIP model significantly increased TRPV1 protein
expression in both ipsilateral hind paw skin and the innervating
peripheral DRG neurons.

CPIP Increased TRPV1 Channel Current
Density in Small Nociceptive DRG
Neurons
We continued to check whether TRPV1 channel current density
was increased in DRG neurons of CPIP model. L4-6 ipsilateral
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FIGURE 1 | The rat model of chronic post-ischemia pain (CPIP) showed persistent mechanical allodynia and thermal hyperalgesia. (A) Representative photographs
of rat hind paw taken during CPIP model establishment and 10 min, 3 days, and 7 days after. The red arrow indicates the paw treated with the O ring. (B,C) Paw
thickness evaluation of ipsilateral (B) and contralateral (C) paw of Sham and CPIP group rats. (D,E) 50% paw withdraw threshold (PWT, for measuring mechanical
allodynia) of ipsilateral and contralateral paws of Sham and CPIP group rats. Panel (D) shows the PWT of ipsilateral hind paws and panel (E) shows the PWT of
contralateral hind paws. (F,G) Paw withdraw latency (PWL, for measuring thermal hyperalgesia) of ipsilateral and contralateral paws of Sham and CPIP group rats.
Panel (F) shows the PWL of ipsilateral hind paws and panel (G) shows the PWL of contralateral hind paws. n = 7 rats/group. ∗p < 0.05, ∗∗p < 0.01 vs. Sham group.
Two-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis.
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FIGURE 2 | Chronic post-ischemia pain (CPIP) increased TRPV1 expression in rat dorsal root ganglion neurons. (A) Representative immunofluorescence images
indicating TRPV1 antibody staining of DRGs from Sham and CPIP-7 d group rats. Ipsilateral L4-6 DRGs were collected 7 days post Sham or CPIP model
establishment. Areas staining positive for TRPV1 are shown in green. DRGs were co-stained with NeuN antibody (red) to identify DRG neurons. Scale bar indicates
50 µm. (B) Summary of the % of TRPV1 positively stained neurons (TRPV1+) from each observation field. The total number of DRG neurons per field was calculated
based upon positive NeuN (NeuN+) staining. (C) Summary of the normalized % increase in fluorescence intensity of TRPV1 staining in the observation field as in A.
The value was normalized to Sham group. (D) Size distribution of TRPV1+ neurons in DRGs of Sham and CPIP-7 d group rats. Five observation fields from three rats
were included in each group. (E,F) TRPV1 protein expression in DRGs (E) and hind paw skin (F) of Sham and CPIP group rats measured with Western blot. Upper
panel indicates representative images of TRPV1 and GAPDH protein expression from Sham and CPIP-7 d and 14 d group rats. Lower panel indicates summarized
TRPV1 expression normalized to GAPDH. n = 5 rats/group. ∗p < 0.05 vs. Sham group. Student’s t-test or one-way ANOVA followed by Tukey post hoc test was
used for statistical analysis.

DRG neurons were isolated from both Sham and CPIP group
rats 7 days after model establishment and cultured overnight.
Whole-cell patch clamp was used to record TRPV1 channel

current. We focused on small-sized DRG neurons, which
predominately express TRPV1 and play important roles in
nociception (Zheng et al., 2012). Using criteria described in
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previous studies (Abdulla and Smith, 2001; Lopez-Santiago et al.,
2006), a DRG neuron was considered small-sized and nociceptive
neurons with Cm < 42 pF. Thus, we included DRG neurons
showing Cm < 42 pF in our study. After establishing whole-
cell recording, DRG neurons were continuously clamped at
a holding potential of −60 mV and TRPV1 channel current
was induced by bath application of TRPV1 agonist capsaicin.
We first tested a relatively small concentration of capsaicin
(100 nM). This dosage produces less than half activation of
TRPV1 according to our previous report (Zhang et al., 2012).
The TRPV1 current amplitude elicited by 100 nM capsaicin
was significantly increased in CPIP group than Sham group
(Figure 3A). The mean peak current density of TRPV1 elicited
by 100 nM capsaicin was 10.1± 1.7 pA/pF and 29.9± 6.9 pA/pF
in Sham and CPIP group, respectively (Figure 3B). Besides,
CPIP group showed more percentage of capsaicin responsive
neurons than Sham group (43.3% vs. 21.6%, Figure 3C). We
also examined TRPV1 channel current in response to a higher
concentration of capsaicin (300 nM), which produces almost
full activation of TRPV1 as reported (Zhang et al., 2012).
TRPV1 current amplitude elicited by 300 nM capsaicin was
also significantly increased in CPIP group than in Sham group

(Figure 3D). The mean peak current density of TRPV1 elicited by
300 nM capsaicin was 29.8± 5.9 pA/pF and 55.2± 11.1 pA/pF in
Sham and CPIP group, respectively (Figure 3E). The percentage
of capsaicin responsive neurons in CPIP group is also higher
than Sham group (80.8% vs. 67.7%, Figure 3F). In all, these
results demonstrate that CPIP model enhances TRPV1 channel
current density and capsaicin responding rate in small-sized
nociceptive DRG neurons.

Pharmacological Blockage of TRPV1
Attenuates Both Thermal and
Mechanical Hypersensitivity in CPIP
Model Rats
We next examined the role of TRPV1 in mediating the
nocifensive behavior of CPIP model rats. AMG9810, a potent
and specific TRPV1 antagonist (Gavva et al., 2005), was daily
applied to the ipsilateral hind paw of CPIP model rat 40 min
before behavioral test (0.8 µg/paw, 25 µl, intraplantar injection).
The AMG9810 dosage we chose was based upon effective local
dosage reported before (Chung et al., 2015). CPIP + Vehicle,
Sham + Vehicle, CPIP + AMG, and Sham + AMG groups

FIGURE 3 | Chronic post-ischemia pain (CPIP) enhanced TRPV1 channel currents in rat DRG neurons. (A) Representative current traces showing inward currents
induced by TRPV1 agonist capsaicin (CAP, 100 nM) from DRG neurons of Sham and CPIP group, respectively. Current traces were obtained by continuous
recording at a holding potential of –60 mV under whole cell voltage clamp. Dotted lines indicate zero current level. Timing of CAP application is indicated by black
bars. (B) Summary of CAP (100 nM)-induced peak inward current density in DRG neurons from Sham and CPIP group rats. Current amplitude (pA) was normalized
with corresponding cell capacitance (pF) to obtain current density (pA/pF). (C) Pie charts showing the percentage of CAP (100 nM)-responding neurons (red color)
among all tested neurons. The number of neurons tested is as indicated. (D) Representative current traces showing inward currents induced by capsaicin (300 nM)
from DRG neurons of Sham and CPIP group. (E) Summary for the CAP (300 nM)-induced peak inward current density in DRG neurons from Sham and CPIP group
rats. (F) Pie charts showing the percentage of CAP (300 nM)-responding neurons (red color) among all tested neurons. The number of neurons tested is as
indicated. ∗p < 0.05 vs. Sham group. Student’s t-test was used for statistical analysis.
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were established accordingly. As shown in Figures 4A,C, CPIP
rats receiving ipsilateral AMG9810 treatment (CPIP + AMG)
showed robustly reduced thermal hyperalgesia in both ipsilateral
and contralateral hind paws compared with CPIP rats treated
with vehicle (CPIP + Veh). Analysis of AUC of Figures 4A,C
further indicated an overall inhibition of thermal hyperalgesia
produced by accumulated application of AMG9810 compared
with vehicle (Figures 4B,D). CPIP rats receiving ipsilateral
AMG9810 treatment (CPIP + AMG) at dosage used above also
showed significantly attenuated mechanical allodynia in both
ipsilateral and contralateral hind paws compared with CPIP rats
treated with vehicle (CPIP+ Veh) (Figures 4E,G). AUC analysis
showed an overall inhibition of mechanical allodynia produced
by accumulated application of AMG9810 compared with
vehicle (Figures 4F,H).

We then tested whether local AMG9810 treatment affected
motor coordination behavior. AMG9810 was applied via
intraplantar injection into the right hind paw (0.8 µg/paw in
25 µl volume, as in Figure 4) for a consecutive of 4 days from
Day 1. Control group received vehicle (0.1% DMSO in PBS)
treatment. 40 min after each AMG9810 or vehicle treatment,
rats were put on rotarod and tested. We found that accumulated
local AMG9810 treatment did not affect motor coordination
behavior (Figure 5A). Next, we tested whether local AMG9810
treatment affected body temperature. AMG9810 was applied via
intraplantar injection into the right hind paw (0.8 µg/paw in
25 µl) and control group received vehicle (0.1% DMSO in PBS)
treatment 15 min after baseline temperature measurement (0 h).
Then rectal temperature was measured at 0.5, 1, 1.5, 2, and
2.5 h time point. We found that local AMG9810 treatment did
not significantly affect body temperature (Figure 5B). In all, the
above data demonstrate that pharmacological blocking TRPV1
attenuates both thermal hyperalgesia and mechanical allodynia
of CPIP model rats without affecting motor coordination or
body temperature.

Pharmacological Blockage of TRPV1
Reduces the Enhanced Neuronal
Excitability of DRG Neurons Induced
by CPIP
Chronic pain is usually associated with increased excitability
of nociceptive DRG neurons (Wu et al., 2016). To determine
whether CPIP can enhance neuronal excitability of DRG neurons
and whether TRPV1 is involved in DRG neuron hyperexcitability
after CPIP, we studied evoked action potentials (APs) of small-
sized DRG neurons (with Cm < 42 pF as described above) via
current clamp recording. The averaged Cm of DRG neurons we
recorded was around 30 pF (Table 1). Sham+ Veh, CPIP+ Veh,
and CPIP + AMG groups were established accordingly. CPIP
model rats were daily treated with AMG9810 (CPIP + AMG) or
vehicle (CPIP+Veh) as described in Figure 4A for a consecutive
of 7 days. As a control, Sham group rats received vehicle
treatment (Sham + Veh). There were no significant differences
in resting membrane potentials or after hyperpolarization (AHP)
amplitudes of DRG neurons among three groups (Table 1).
When stimulated with step current injection, AP firing frequency

was significantly increased in CPIP + Veh group compared
with Sham + Veh group (Figures 6A,B and Table 1).
AMG9810 treatment significantly reduced AP firing frequency
in CPIP + AMG group (Figures 6A,B and Table 1). CPIP
also significantly lowered the minimal depolarizing current
required for evoking APs in DRG neurons and this effect was
significantly reversed by AMG9810 treatment (Figure 6C and
Table 1). To study the effect of AMG9810 treatment on CPIP-
induced neuronal hyperexcitability, we applied a ramp current
stimulation protocol under current clamp mode (Figure 6D,
shown in inset). As shown in Figures 6D,E, the firing of APs
was significantly increased in CPIP + Veh group compared
with Sham + Veh group and reduced in CPIP + AMG
group (Figures 6D,E and Table 1). We further analyzed the
percentage of neurons that fire APs in response to ramp current
injection as shown in Figure 6D inset. Data revealed that
CPIP + Veh showed more responding rate compared with
Sham + Veh group and AMG treatment significantly reduced
the responding rate (Figure 6F). Therefore, the above results
suggest that CPIP promotes the excitability of nociceptive DRG
neurons and pharmacological blocking TRPV1 can reduce the
hyperexcitability of DRG neurons induced by CPIP.

Pharmacological Blockage of TRPV1
Reduces Astrocyte and Microglia
Activations in Spinal Cord Dorsal Horn of
CPIP Model Rats
It is known that glial cells in the spinal cord dorsal horn (SCDH)
play important roles in the development and maintenance
of chronic neuropathic pain (Milligan and Watkins, 2009).
Therefore, we proceeded to explore the involvement of TRPV1
in astrocyte and microglia activation in SCDH of CPIP
model rats. Sham + Veh, CPIP + Veh, and CPIP + AMG
groups were established accordingly. CPIP model rats received
intraplantar injection of AMG9810 (CPIP + AMG) or vehicle
(CPIP+ Veh) to the ipsilateral side daily as described before and
sacrificed 7 days later. Sham groups received vehicle treatment
(Sham + Veh). We monitored the changes of immunoactivity
of GFAP (an astrocyte marker) in SCDH. We observed strong
increases in GFAP immunoactivity and the number of GFAP
positive cells in CPIP + Veh group compared with Sham + Veh
group in both ipsilateral and contralateral sides of SCDH
(Figures 7A–E). Ipsilateral AMG9810 treatment significantly
attenuated GFAP immunoactivity and the number of GFAP
positive cells in both sides of SCDH (Figures 7A–E).

We then examined the changes of immunoactivity of OX42 (a
microglia marker) in SCDH. We observed a significant increase
of OX42 immunoactivity and the number of OX42 positive
cells in CPIP + Veh group compared with Sham + Veh group
in both ipsilateral and contralateral side of SCDH, whereas
ipsilateral AMG9810 treatment significantly reduced the OX42
immunoactivity and the number of OX42 positive cells in both
sides (Figures 8A–E). These results demonstrate that CPIP is
accompanied with significant astrocyte and microglia activations
in SCDH and pharmacological blocking TRPV1 effectively
attenuates astrocyte and microglia activations.
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FIGURE 4 | TRPV1 specific antagonist AMG9810 attenuates thermal and mechanical hypersensitivity induced by CPIP model. (A) Time course effect of AMG9810
on paw withdraw latency (PWL) of ipsilateral paw of CPIP rats. AMG9810 (0.8 µg/paw, CPIP + AMG) or corresponding vehicle (0.1% DMSO in PBS, CPIP + Veh)
was applied via intraplantar injection to ipsilateral hind paws of CPIP rats 40 min before measurement. AMG9810 or vehicle is applied daily after CPIP model
establishment. (B) Summary of the normalized area under the curve (AUC) as in A. (C) Time course showing the effects of AMG9810 on paw withdraw latency
(PWL) of contralateral paw of CPIP rats. (D) Summary of the normalized area under the curve (AUC) as in C. (E) Time course effect of AMG9810 on 50% paw
withdraw threshold (PWT) of ipsilateral paw of CPIP rats. (F) Summary of the normalized AUC as in E. (G) Time course showing the effects of AMG 9810 on 50%
PWT of contralateral paw of CPIP rats. (H) Summary of the normalized AUC as in G. ∗p < 0.05, ∗∗p < 0.01 vs. Sham group. #p < 0.05, ##p < 0.01 vs. CPIP + Veh
group. n = 6 rats/group. Two-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis.
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FIGURE 5 | Locally applied low dosage of AMG9810 has no effect on locomotor activity or core body temperature. (A) Rat rotarod test to evaluate locomotor
activity. AMG9810 was applied via intraplantar injection into the right hind paw (0.8 µg/paw in 25 µl volume) for a consecutive of 4 days from Day 1. Control group
received vehicle (0.1% DMSO in PBS) treatment. 40 min after AMG9810 or vehicle treatment, rats were put on rotarod and tested. (B) Rectal temperature of rats
measured by a digital thermometer. AMG9810 or vehicle was applied at dosages indicated above and applied at time points indicated by the black arrows. n = 6
rats/group. Two-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis.

TABLE 1 | Intrinsic electrogenic properties of small-sized DRG neurons of Sham + Veh, CPIP + Veh, and CPIP + AMG9810 groups of rats.

Sham + Veh CPIP + Veh CPIP + AMG9810

Mean SEM n Mean SEM n Mean SEM n

Input resistance (M�) 564.1 40.6 26 537.9 18.2 33 521.7 33.6 33

Capacitance (pF) 30.1 0.4 30 30.3 0.5 31 29.5 0.4 31

RMP (mV) −65.8 0.9 27 −66.9 1.1 31 −64.9 0.8 32

AP amplitude (mV) 118.5 1.8 32 119.0 2.7 30 120.7 2.2 30

AHP amplitude (mV) 25.1 1.2 32 25.5 0.5 26 24.2 0.9 31

AP frequency (spikes/s, step protocol) 0.9 0.1 30 2.4∗ 0.4 30 1.3# 0.2 30

AP frequency (spikes/s, ramp protocol) 2.1 0.2 31 5.1∗∗ 0.4 30 2.7## 0.3 30

Threshold (pA, step protocol) 439.5 21.6 37 249.0∗∗ 8.1 32 352.9## 20.8 32

Threshold (pA, ramp protocol) 726.6 20.5 30 424.4∗∗ 23.3 31 529.5## 33.9 30

AP, action potential; AHP, after hyperpolarization.
∗p < 0.05, ∗∗p < 0.01, compared with sham group; #p < 0.05, ##p < 0.01, compared with CPIP + Veh group.

DISCUSSION

In the present study, we identified an important role of
TRPV1 in mediating the behavioral hypersensitivity of CPIP
rat model. We found that TRPV1 protein expression was
significantly increased in DRG neurons that innervate the hind
paw of CPIP rats. Size distribution analysis further revealed that
TRPV1 expression was mainly increased in small to medium-
sized DRG neurons, which were predominantly comprised by
nociceptive neurons. We also observed that the expression of
TRPV1 protein in the hind paw skin tissue of CPIP model
rats was significantly increased. The tendency of TRPV1 up-
regulation in DRGs and hind paw skin tissue correlated well
with the development of CPIP-induced thermal and mechanical
hypersensitivity throughout the time frame we observed. Up-
regulation of TRPV1 in peripheral DRG neurons has been
described in some inflammatory and neuropathic pain conditions
(Hara et al., 2013; Simonic-Kocijan et al., 2013; Lin et al.,
2015). Our patch clamp study further indicated that TRPV1

channel current density was significantly enhanced in small-
diameter DRG neurons from CPIP model rats, suggesting that
CPIP enhanced the expression of functional TRPV1 channels
in the plasma membrane of primary nociceptors. Therefore,
the up-regulation of TRPV1 protein expression and channel
activity in nociceptive DRG neurons may participate in CPIP-
induced pain responses.

AMG9810 is a competitive TRPV1 antagonist with high
specificity and potency (Gavva et al., 2005). It effectively
blocks TRPV1 activation induced by capsaicin, protons, heat,
and endogenous ligands (Gavva et al., 2005). AMG9810 is
effective in alleviating thermal and mechanical hyperalgesia
and pain responses in several animal models of inflammatory
and neuropathic pain, suggesting its utility as a potential
analgesic (Wu et al., 2013; Chung et al., 2016; Wang et al.,
2018). Unfortunately, systematic AMG9810 treatment (30 mg/kg
via intraperitoneal injection) resulted in an increase in body
temperature (hyperthermia) in tested animals, a common side
effect among all TRPV1 antagonists (Gavva et al., 2007).
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FIGURE 6 | Blocking TRPV1 with AMG9810 decreases the hyperexcitability of nociceptive DRG neurons of CPIP rats. (A) Representative current clamp recordings
of action potentials of small-sized DRG neurons elicited by 1 s, 400 pA depolarizing current injection. AMG9810 (0.8 µg/paw, CPIP + AMG) or corresponding vehicle
(0.1% DMSO in PBS, CPIP + Veh) was applied via intraplantar injection to the ipsilateral hind paws of CPIP rats every day for 7 days. Sham group rats received
vehicle injection only. The inset shows the typical action potential which is stretched as recorded in Sham + Veh group. (B) Summary of the number of action
potentials elicited by depolarizing current steps of DRG neurons from rats of Sham + Veh, CPIP + Veh, and CPIP + AMG groups. n = 27 cells/group. Current steps
start from 50 to 500 pA, with 50 pA increment, lasting 1 s. (C) Summary of the current threshold for eliciting action potentials in DRG neurons of Sham + Veh,
CPIP + Veh, and CPIP + AMG groups. (D) Representative current clamp recordings of three groups of DRG neurons under ramp current stimulation which starts
from 0 to 1,000 pA and lasts 500 ms (see inset). (E) Summary of the number of action potentials elicited by ramp current stimulation. (F) Pie charts showing the
percentage of DRG neurons responding to ramp current stimulation (red color) among all tested neurons. The upper number indicates number of neurons tested and
the lower number indicates the percentage within specific group. ∗p < 0.05, ∗∗p < 0.01 vs. Sham + Veh group. #p < 0.05, ##p < 0.01 vs. CPIP + Veh group.
One-way or two-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis.
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FIGURE 7 | AMG9810 treatment attenuates bilateral astrocyte activation in spinal cord dorsal horn of CPIP rats. (A) Ipsilateral (upper panels) or contralateral (lower
panels) SCDH stained with GFAP antibody showing astrocytes from Sham + Veh, CPIP + Veh, and CPIP + AMG group. Scale bar = 100 µm. (B,C) Summary of the
normalized fluorescence intensity (%) of GFAP staining in ipsilateral (B) and contralateral (C) SCDH. (D,E) Summary of the number of astrocytes observed in
ipsilateral (D) and contralateral (E) SCDH. n = 4 rats/group. ∗p < 0.05 vs. Sham + Veh group. #p < 0.05 vs. CPIP + Veh group. One-way ANOVA followed by
Tukey’s post hoc test was used for statistical analysis.

This unwanted side effect constitutes a hurdle for developing
TRPV1 antagonists as potential pain relievers (Gavva, 2008). In
our study, AMG9810 was applied via local intraplantar injection
instead of systematic administration and a much lower dosage
(0.8 µg/site) was used. This dosage, if converted to body weight,
is estimated to be 2.8 µg/kg, which is more than 1,000-fold less
than the dosage used in previous studies (Gavva et al., 2005;

Gavva, 2008). At this dosage, we did not observe any significant
increase in body temperature in AMG9810 treated rats. Besides,
we found that AMG9810 treated rats still showed response to
heat stimulus, with PWLs similar with those of the sham group
(Figure 4A). This phenomenon indicates that the therapeutic
effect of AMG9810 on thermal hyperalgesia was not simply due
to the failure of the treated rat to detect thermal stimulation.
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FIGURE 8 | AMG9810 treatment attenuates bilateral microglia activation in spinal cord dorsal horn of CPIP rats. (A) Ipsilateral (upper panels) or contralateral (lower
panels) SCDH stained with OX42 antibody showing microglia from Sham + Veh, CPIP + Veh, and CPIP + AMG group. Scale bar = 100 µm. (B,C) Summary of the
normalized fluorescence intensity (%) of OX42 staining in ipsilateral (B) and contralateral (C) SCDH. (D,E) Summary of the number of microglia observed in ipsilateral
(D) and contralateral (E) SCDH. n = 4 rats/group. ∗p < 0.05 vs. Sham + Veh group. #p < 0.05 vs. CPIP + Veh group. One-way ANOVA followed by Tukey’s post hoc
test was used for statistical analysis.

This finding is consistent with other studies suggesting that
AMG9810 at certain dosage mainly blocks TRPV1-dependent
thermal hypersensitivity rather than thermal detection (Wu et al.,
2013). Recently, some modality-specific TRPV1 antagonists,
which do not affect body temperature and thermal detection, have
been developed (Reilly et al., 2012; Brown et al., 2017). Therefore,
our study suggests that local application of AMG9810 or the

new modality-specific TRPV1 antagonists may be used clinically
to relieve CRPS-I related pain without obvious alterations in
body temperature and thermal detection. The effectiveness of
other more convenient local application routes, such as patch or
ointment, is worth of further testing.

One important mechanism through which TRPV1 channel
may participate in chronic pain is to promote hyperexcitability
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of primary nociceptive neurons, which in turn drives central
sensitization and chronic pain condition (Chung and Chung,
2002; Berta et al., 2017). In our study, we found that DRG
neurons derived from CPIP rats exhibited enhanced excitability
compared with sham rats. The hyperexcitability is significantly
reduced by in vivo TRPV1 blockage. This result suggests that
TRPV1 channel is important for enhancing the excitability
of DRG neurons of CPIP rats. Nav sodium channels play
crucial roles in regulating action potential firing frequency
and excitability in DRG neurons (Rush et al., 2007). It has
been reported that activation of TRPV1 enhances Nav sodium
currents in DRG neurons (Lu et al., 2016). Furthermore,
Trpv1 gene deletion significantly reduced the overexpression
of Nav1.7 and 1.8 channels and action potential firings in
DRG neurons from chronic pain model animals (Wu et al.,
2013; Liao et al., 2017). These findings suggest that TRPV1
can regulate DRG neuron excitability via modulating Nav
channel expression and activities. In our study, we found that
TRPV1 channel expression and activities in DRG neurons are
significantly enhanced in CPIP rats. This effect may result
in upregulation of Nav channel expression or activity in
DRG neurons, which in turn could produce hyperexcitability
in response to current injection recorded by current clamp.
Repetitive in vivo AMG9810 treatment could block TRPV1
activity, which may reduce the upregulation of Nav channel
expression and ameliorate the hyperexcitability of DRG neurons.
Nav sodium channel expression is upregulated in several pain
conditions, resulting in hyperexcitability of sensory neurons
and pain (Black et al., 2004; Liang et al., 2013; Wu et al.,
2016). Therefore, further studies will be needed to explore
the expression changes of Nav sodium channels and the
possible interactions of TRPV1 with Nav sodium channels
in DRG neurons from CPIP rats. These studies would
allow us to have a better understanding of the mechanisms
underlying CPIP-induced DRG neuron hyperexcitability and
behavioral hypersensitivity.

Thermal and mechanical hypersensitivities are among the
major symptoms affecting CRPS-I patients (Grothusen et al.,
2014; Terkelsen et al., 2014; Reimer et al., 2016; Rasmussen et al.,
2018). A recent study demonstrated CPIP model rats developed
obvious signs of thermal hyperalgesia, which correlates with our
present findings (Tang et al., 2018). Moreover, CRPS patients
showed obvious increase in capsaicin-induced pain in affected
limbs, indicating that TRPV1 function is likely to be up-regulated
in CRPS patients (Terkelsen et al., 2014). Our findings further
helps to explain the increased capsaicin-induced pain response
in CRPS patients. In our study, the behavioral hypersensitivity
of CPIP rats gradually returned near normal after 2 weeks of
observation. But CRPS-I patients usually suffered a more chronic
period of time. Therefore, the results we obtained from the
CPIP model may not completely reflect the mechanisms in the
chronic phases of CRPS-I patients. Our present results suggest
that TRPV1 may participate in early phase of CRPS-I. But it still
remains to be investigated whether TRPV1 is involved in chronic
phases of CRPS-I in future studies.

Chronic post-ischemia pain model rats developed obvious
signs of mechanical allodynia and thermal hyperalgesia in both

ipsilateral and contralateral hind paws, a phenomenon similar
with human CRPS-I patients showing bilateral hypersensitivity
to painful chemical, thermal, and mechanical stimuli (Terkelsen
et al., 2014). It is proposed that central sensitization may
underlie this generalized bilateral hypersensitivity in CRPS-
I (Terkelsen et al., 2014). Glial cells in the SCDH, such as
microglia and astrocytes, are activated in response to peripheral
painful stimuli and participate in spinal pain signal transmission
and central sensitization (Milligan and Watkins, 2009; Yu
et al., 2018). Astrocytes and microglia in both ipsilateral and
contralateral SCDH are activated in CPIP model rats (Tang
et al., 2018). Pharmacological blockage of microglia or astrocytes
activation in the spinal cord alleviates CPIP-induced bilateral
mechanical allodynia and thermal hyperalgesia, suggesting glial
cell activation is directly involved in CPIP model induced
bilateral pain responses (Tian et al., 2017; Tang et al., 2018).
In our study, we found that ipsilateral hind paw injection of
AMG9810 significantly alleviated bilateral hind paw thermal
and mechanical hypersensitivity. Immunohistochemistry study
further revealed that ipsilateral AMG9810 treatment attenuated
astrocyte and microglia activations in bilateral SCDH. Therefore,
we propose that blocking TRPV1 attenuates hyperexcitability
of nociceptive DRG neurons of CPIP model rats and reduces
peripheral pain signal input into SCDH, which in turn results
in reduced spinal glia activation, thereby attenuates bilateral
thermal and mechanical hypersensitivity.

Epidemiology studies found that the incidence of CRPS-I
is higher in female than male patients (Weissmann and Uziel,
2016; Kim et al., 2018). Animal studies also identified that
CPIP female mice developed significantly earlier and higher
mechanical allodynia in the ischemic hind paw than male mice
(Tang et al., 2017). In the past decade, sex differences in pain
perception have shown increasing importance in both clinical
and experimental studies (Kindler et al., 2011; Boerner et al.,
2017). Different mechanisms may underlie pain perception of
male and female animals (Sorge et al., 2015). In the present study,
we only used male rats to establish CRPS-I model according to
previous publications. Further studies will be needed to explore
the effects of TRPV1 antagonist on female CRPS-I model animals,
which are crucial for future translational study of treatment
options for CRPS-I patients.

At present, CRPS-I patients are mainly treated with
physiotherapy, sympathetic blockade, corticosteroids, and non-
steroidal anti-inflammatory drugs (Hord and Oaklander, 2003).
However, all of these options showed only moderate therapeutic
effects on CRPS-I, which make CRPS-I a clinically difficult to
treat condition. We identified an important role of TRPV1 in
mediating the thermal and mechanical hypersensitivities in a
CRPS-I rat model and suggest local pharmacological blocking of
TRPV1 with AMG9810 or other specific TRPV1 antagonists may
help to relieve pain symptoms of CRPS-I patients in early phases.
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Objectives: To compare gabapentin extended-release, a gastro-retentive formulation,
in relieving postamputation pain among gabapentin-experienced and gabapentin-naïve
patients.

Design: Open-labeled pilot study.

Subjects: Sixteen patients with postamputation pain (8 patients in the gabapentin-
experienced and 8 patients in the gabapentin-naïve groups).

Methods: Patients were started on gabapentin extended-release and were followed up
for 8 weeks. Patients reported their pain severity during rest and movement using a
numeric rating scale (NRS), interference of pain with daily activities using the modified
brief pain inventory (MBPI) questionnaire, and treatment satisfaction using the treatment
satisfaction questionnaire for medication (TSQM).

Results: Patients from both gabapentin-experienced and gabapentin-naïve groups
achieved a significant and sustainable pain relief over the course of therapy. The pain
scores at rest decreased in both gabapentin-experienced and gabapentin-naïve groups
from 5.88 ± 1.36 and 4.88 ± 2.95 to 1.88 ± 0.99 and 1.38 ± 1.51, respectively.
An average percent of pain relief with gabapentin extended-release was noted to
be significant (p < 0.01) after 8 weeks of therapy among gabapentin-experienced
(81.25 ± 16.42%) and gabapentin-naïve groups (85 ± 17.73%) when compared to
baseline for gabapentin-experienced (31.25 ± 29%) and gabapentin-naïve groups
(36.25 ± 34.2%), respectively. Gabapentin-experienced and gabapentin-naïve groups
had no significant difference in global satisfaction from treatment (79.14 ± 10.47
and 83.3 ± 20.82), convenience of treatment (73.78 ± 19.04 and 90.44 ± 11.66),
effectiveness of treatment (72.6 ± 10.1 and 79.73 ± 11.6). The only statistically
significant difference among gabapentin-experienced and gabapentin-naïve groups was
found in adverse event tolerability (65.78 ± 10.36 and 85.8 ± 10.14, p < 0.01).

Conclusion: Once-daily dosing of gabapentin-extended release showed significant
improvement in pain severity and functional status, with no difference found between
gabapentin-experienced versus gabapentin-naïve patients.
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Frontiers in Pharmacology | www.frontiersin.org 1 May 2019 | Volume 10 | Article 504247

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.00504
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphar.2019.00504
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.00504&domain=pdf&date_stamp=2019-05-15
https://www.frontiersin.org/articles/10.3389/fphar.2019.00504/full
http://loop.frontiersin.org/people/594921/overview
http://loop.frontiersin.org/people/692439/overview
http://loop.frontiersin.org/people/50135/overview
http://loop.frontiersin.org/people/653305/overview
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00504 May 13, 2019 Time: 14:57 # 2

Knezevic et al. Gabapentin Extended Release for Postamputation Pain

INTRODUCTION

Postamputation pain (PAP) is defined as pain developing after
a surgical amputation of a body part, which persists for
several months after amputation and for which other causes
of pain have been ruled out (Davis, 1993; Crombie et al.,
1998). PAP is considered to be primarily a neuropathic type
of pain, with its origins within both the central and peripheral
nervous systems (Coderre et al., 1993; Nikolajsen et al., 2000;
Melzack et al., 2001; Bittar et al., 2005; Flor, 2008; Foell
et al., 2014). PAP has emerged as a primary predictor of
patient’s health and quality of life following surgery (Doth
et al., 2010). The incidence of PAP has been reported to be
33–80% (Richardson et al., 2006; Schley et al., 2008; Wilson
et al., 2008; Dworkin et al., 2010b). This wide range is due
to the wide variations in the studied populations and varied
definitions of PAP (Richardson et al., 2006; Hunter et al.,
2008; Schley et al., 2008; Wilson et al., 2008; Dworkin et al.,
2010b; Kelle et al., 2017). There is a huge economic impact
of PAP, as pain management is the biggest cost factor in
the long-term care of these patients (Richardson et al., 2006;
Schley et al., 2008; Wilson et al., 2008; Dworkin et al., 2010b).
This additional cost is not only due to direct impact on
patient’s health and increased demand on healthcare resources,
but is also indirectly due to burden on the patient’s family
and caregivers (Dworkin et al., 2010a; Duenas et al., 2016).
However, the efficacies of current treatment modalities are
questionable, given the low satisfaction rates reported widely
in the literature (Finnerup et al., 2005; Oster et al., 2005;
Rathmell and Kehlet, 2011).

Since PAP is considered to be a neuropathic pain, there
is a special interest in using gabapentin for prevention and
treatment of pain (Taylor et al., 1998). However, the adoption
of gabapentin for the treatment of PAP is slow due to its
high rate of adverse events, particularly at the initiation of
therapy, which are responsible for a high rate of treatment
abandonment in the early stages of implementation (Parsons
et al., 2004). The side effect profile of gabapentin has been
attributed to its short half-life, resulting in frequent dosing
at short intervals and unpredictable absorption from the
gut, causing inconsistent levels in the blood and making its
titration difficult. A new formulation of gabapentin known
as gastro-retentive or extended-release (ER) gabapentin has
been developed to provide a slow rate of absorption from the
gastrointestinal tract, which would result in increased tolerability
of side effects without affecting its efficacy (Depomed, 2007).
Gabapentin ER has been extensively studied for the treatment
of postherpetic neuralgia. It has shown to be an effective
analgesic, with lower rates of adverse events as compared to
gabapentin immediate-release (IR) (Irving et al., 2009; Jensen
et al., 2009; Sang et al., 2013). To date, no previous study has
investigated the use of gabapentin ER for the treatment of PAP.
For this purpose, we designed the present study to evaluate
the efficacy and safety of gabapentin ER in relieving PAP. To
evaluate the safety of gabapentin ER, we compared patients
who were new to gabapentin therapy with patients who had
taken gabapentin IR.

MATERIALS AND METHODS

This study was approved by the Advocate Health Care
Institutional Review Board (IRB) and IND exemption was
obtained from Food and Drug Administration (FDA). This
was an open-labeled, single intervention study determining the
efficacy and safety of gabapentin ER (Gralise R©, Kansas) use
in patients experiencing PAP, which was defined as pain after
amputation persisting for more than 6 months (Depomed,
2007). Written informed consent was obtained from all patients.
Patients were included if they were older than 18 years and
suffering from PAP, following limb amputation surgery due to
peripheral vascular disease.

Patients were excluded if they met at least one of the
following criteria: known allergic reaction to gabapentin, history
of epilepsy/seizure disorder, dementia or any cognitive disorder
interfering with assessment of pain or adverse reactions. Patients
with severe cardiopulmonary disease, uncontrolled hypotension,
uncontrolled hypertension, underlying liver disorder, untreated
alcohol abuse, chronic diarrhea, dyspepsia, gastroduodenal
ulcers, previous gastric reduction surgery, and chronic kidney
disease requiring hemodialysis were also excluded from the
study. To evaluate the safety of gabapentin, the patient
population was divided into two cohort groups based on
previous use or lack thereof of gabapentin, i.e., gabapentin-naïve
and gabapentin-experienced. Gabapentin-naïve groups included
patients with no previous history of gabapentin use, whereas
the gabapentin-experienced group included patients who had
taken gabapentin IR. Data gathered from the patients included
patient characteristics such as age, sex, race/ethnicity, weight,
height, body mass index, site of amputation and time duration
since amputation in months. In accordance with Initiative on
Methods, Measurement, and Pain Assessment in Clinical Trials
(IMMPACT) recommendations, we used multiple endpoints in
our trial, including an 11-point numeric rating scale (NRS)
for pain intensity at rest and during movement which scores
pain between 0 and 10 (Turk et al., 2008; Perrot and Lanteri-
Minet, 2019). Interference in daily activities due to pain as well
as relief provided by pain medications were assessed using the
modified brief pain inventory (mBPI) questionnaire. The mBPI
measures pain interference by calculating the mean of score
from seven activities, i.e., general activity, walking, work, mood,
enjoyment of life, relations with others, and sleep. The treatment
satisfaction questionnaire for medication (TSQM) was used to
assess the patient’s perception of the treatment by measuring
its effectiveness, tolerability of adverse events, convenience of
therapy, and overall satisfaction from the treatment. mBPI and
TSQM have been validated for the use in neuropathic pain
syndromes and are routinely used in clinical trials to determine
the efficacy of treatment (Zelman et al., 2005; Serpell et al., 2014;
Perrot and Lanteri-Minet, 2019).

All the patients participating in the study were started
on a once-daily dose of gabapentin ER using a titrating
regimen, recommended by the United States Food and
Drug Administration (FDA) for the treatment of postherpetic
neuralgia (FDA, 2011). Patients who were already on gabapentin
underwent a washout period of 2 weeks before starting the trial.
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FIGURE 1 | Gabapentin extended-release (ER) titration schedule and clinic visit intervals over the course of the study. The first visit was conducted prior to starting
gabapentin ER medication. Patients were instructed to take 300 mg at night, then 600 mg dose on day 2, and 900 mg on day 3 which was continued until day 6.
Dosage was increased to 1200 mg on day 7 (visit 2), followed by increase to 1500 mg on day 11, and to 1800 mg (max dose) on day 15, after their visit 3. Visit 4
occurred at week 4, visit 5 at week 8 and visit 6 at week 10.

The dose was administered with an evening meal in order for
the peak dose to occur in the early morning (Depomed, 2007).
Patients were instructed to start gabapentin ER at 300 mg/day
dosing, gradually increasing the dose up to 1800 mg/day over
2 weeks and continuing the dose of 1800 mg/day for the
next 6 weeks to complete the 8-week study period (Figure 1).
Patients had a total of 6 visits, with the first visit after washout
period and before starting medication. It was followed by visits
at week 1, week 2, week 4, and week 8. If patients did not
desire to continue using gabapentin ER, the medication was
withdrawn after a gradual downward titration over the next
8 days. Gabapentin ER was tapered down to 1200 mg per day
for 4 days, followed by 600 mg per day for next 4 days and
was stopped after that. We also had a follow-up visit at week
10 to evaluate patients after the completion of the study. This
visit was meant to ensure safe withdrawal from gabapentin ER
at the end of the study if so desired by the patients (Figure 1).
Patients filled an mBPI questionnaire at the beginning and end
of the study. During each visit, patients reported pain at rest
and pain during movement using the NRS scale, along with
any new adverse event that occurred since the previous visit.
Patients were also administered the Columbia-Suicide Severity
Rating Scale (C-SSRS) at each visit because increased suicidal
ideation risk associated with gabapentin (Mula et al., 2013;
FDA, 2017; Ghaly et al., 2018). Upon completion of the study,
the treatment satisfaction questionnaire for medication was
administered. Patients were allowed to continue using gabapentin
ER after completion of the study if they were satisfied with the
pain relief provided by the drug.

Statistical Analysis
Descriptive analysis was conducted for the baseline
characteristics, i.e., proportion for categorical data and mean with
standard deviation for continuous data. The statistical differences
in baseline characteristics between the gabapentin-experienced
and gabapentin-naïve groups were compared using Pearson’s
chi-squared test or Fischer’s exact test for categorical data, and a
t-test for independent samples for continuous data. The one-way
repeated measure analysis of variance (ANOVA) test was used
to compare the mean differences in pain at rest and pain during
movement with time, with statistical significance set at the 5%
level. An independent samples t-test was run to determine if
there were differences in pain interference and pain relief with
medication between gabapentin-experienced and gabapentin-
naïve groups. The differences in effectiveness, adverse events,
convenience, and overall satisfaction between gabapentin-naïve
and gabapentin-experienced groups were compared using a
t-test for independent samples. Statistical significance was set
at the 5% level for all the results. Data analysis was performed
using SPSS 23.0 (IBM Corp. Released 2014. IBM SPSS Statistics
for Windows, Version 23.0. Armonk, NY: IBM Corp.).

RESULTS

Eight patients suffering from PAP were recruited to each group
of the study according to previous history of gabapentin use. This
resulted in 6 males and 2 females being recruited in each group.
No statistically significant difference was found in age, BMI,
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race/ethnicity, amputation site, or for time since amputation
between gabapentin-naïve and gabapentin-experienced groups
as shown in Table 1. In the gabapentin-experienced group, 3
patients were on gabapentin at the time of enrollment and only
1 patient was on concomitant opioid treatment, while no patient
in gabapentin-naïve group was using opioid treatment. Use of
non-opioid pain medications such as meloxicam, ibuprofen,
acetaminophen, was more common in gabapentin-experienced
group with 3 patients on such treatment, while only 1 patient was
using non-opioid pain medications in gabapentin-naïve group.

There was a statistically significant difference in pain at rest
during the different visits, F(1, 15) = 27.6, p < 0.001, partial
η2 = 0.648 (Figure 2). Within group analysis, using repeated
measures with Bonferroni adjustment, significant difference in
pain at rest was shown on 3rd visit compared to 1st and 2nd
visits, which persisted until the 6th visit. Similarly, a statistically
significant difference in pain during movement was seen during
the different visits, F(1, 15) = 49.7, p < 0.001, partial η2 = 0.768
(Figure 3). Within group analysis, using repeated measures with
Bonferroni adjustment, significant differences in pain during
movement were identified on the 3rd visit compared to 1st and
2nd visit, which persisted until the 6th visit.

Pain interference reported by gabapentin-experienced patients
was (M = 4.8, SD = 2.2) and gabapentin-naïve patients at the
end of study was (M = 5.1, SD = 2.2), with no statistically
significant difference between the groups, MD = −0.55, 95%
CI [−2.43, 1.33], p = 0.54. Pain relief with medications
reported by gabapentin-experienced patients at the end of study
was (M = 35.71, SD = 28.2) and gabapentin-naïve patients
was (M = 58.0, SD = 21.7), with no statistically significant
difference between the groups, MD = 8.5, 95% CI [−14.5, 22.1],
p = 0.67 (Figure 4).

TABLE 1 | Baseline demographics and characteristics.

Variable Gabapentin-
experienced

Gabapentin-naïve p-value

Sex 1.00

Male 6 6

Female 2 2

Race 0.411

Caucasian 2 4

Hispanic 1 0

African-American 5 4

Amputation site 0.179

Toe unilateral 2 2

Toe bilateral 1 0

Below knee 2 5

Above knee 3 0

Upper extremity 0 1

Age (years) 55.5 ± 11.1 55.4 ± 9.8 0.981

Body mass index
kg/m2)

30.8 ± 5.9 29 ± 2.4 0.441

Time since
amputation
(months)

133.2 ± 142.7 100.6 ± 79.8 0.581

The gabapentin-experienced group reported convenience of
therapy at 90.4% and effectiveness at 79.7% compared to 73.8%
for convenience of therapy and 72.6% for effectiveness reported
by the gabapentin-naïve group. There were no significant
differences in the proportions of convenience (p = 0.53) and
effectiveness (p = 0.21) between the two groups. Gabapentin-
experienced group reported acceptable tolerance of adverse
effect at 85.8% as compared to 65.8% in the gabapentin-
naïve group, which was a statistically significant difference,
p = 0.002. Gabapentin-naïve group scored 83.3% in the overall
satisfaction associated with the therapy, compared to 79.1%
score in the gabapentin-experienced group, however, there were
no significant differences between the two groups, p = 0.62
(Figure 5). Adverse events reported by the patients at each visit
are mentioned in Table 2.

DISCUSSION

Our study found a significant reduction in PAP and interference
of pain with daily functions after initiation of gabapentin ER
therapy in both gabapentin-experienced and gabapentin-naïve
patients. Our results are in line with other studies on the
use of gabapentin ER in neuropathic pain showing a similar
reduction in pain severity (Irving et al., 2009; Beal et al.,
2012). Gabapentin ER has consistently shown improvement in
postherpetic neuralgia pain in several clinical trials, leading to
its approval by the FDA in 2011 (FDA, 2011). Since its approval,
phase 3 clinical trial testing has proven it to be safe and effective at
a dose of 1800 mg/day for the treatment of postherpetic neuralgia
(Irving et al., 2009; Jensen et al., 2009; Beal et al., 2012; Rauck
et al., 2013; Sang et al., 2013; Kaye et al., 2014). To date, very few
studies have evaluated the role of gabapentin ER in the treatment
of other chronic neuropathic pain conditions (Sandercock et al.,
2012; Kaye et al., 2014; North et al., 2016). There is limited data
supporting the use of gabapentin ER to treat pain due to spinal
stenosis, fibromyalgia and diabetic neuropathy (Sandercock et al.,
2012; Kaye et al., 2014; North et al., 2016). So far, no research
has been carried out to evaluate the use of gabapentin ER for the
treatment of PAP.

To better understand the role of gabapentin in the treatment
of PAP, it is important to understand its molecular structure
and mechanism of action. Gabapentin, [1-(aminomethyl)
cyclohexane acetic acid], is a synthetic analog of gamma-
aminobutyric acid (GABA), which subsequently inhibits pain
neurotransmission, particularly targeting neuropathic pain
pathways (Taylor et al., 1998). Several hypotheses have been
proposed to explain the mechanism of action of gabapentin,
one of which is modulation of sodium or calcium channels, but
there is limited evidence to support this hypothesis (Brown et al.,
1996; Moore et al., 2002; Chen and Mao, 2013). It is known
that gabapentin has effects on the central nervous system via
increased serotonin concentrations, which is partly responsible
for its pharmacodynamic effect. Another explanation is the
inhibition of the ventrolateral periaqueductal gray pathway in
amygdala, which is considered crucial for its anticonvulsant
effects and possibly contributive to its role in the alleviation of
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FIGURE 2 | Line graph showing pain at rest using numeric rating scale (NRS) over the course of the study.

FIGURE 3 | Line graph showing pain during movement using numeric rating scale (NRS) over the course of the study.

pain and anxiety (Tupal and Faingold, 2012). Some investigators
have proposed a different mechanism, which involves the
noradrenergic pathway by binding to the alpha-2 delta subunit
in neural tissues to inhibit dorsal root ganglion transmission
(Alden and Garcia, 2001).

Gabapentin ER has been evaluated as both once-daily and
twice daily dosing in the past. In our study, we used a once-
daily dosage regimen only because previously published literature
has not shown any differences in efficacy with either dosing
regimen (Wang and Zhu, 2017). This has been confirmed by a
meta-analysis conducted to compare different dosing regimens
of gabapentin in the treatment of postherpetic neuralgia, which
found that the once-daily dosing regimen of gabapentin ER is

as effective as the twice daily dosing regimen. Another study by
North et al. (2016) evaluated the safety and titration regimen of
gabapentin ER in patients with fibromyalgia. Similar to our study,
they also compared gabapentin-naïve vs. gabapentin-experienced
patients and found encouraging results. Titration regimen, upper
dose limit and safety profile was comparable to our study results
(North et al., 2016). In a study of pharmacokinetics by Chen et al.
(2011) gabapentin ER exhibited superior dose linearity compared
with the gabapentin IR dosage form that allows for a reduction in
dosing frequency, allowing a once-daily regimen.

Our results on gabapentin ER adverse effect tolerance
were very encouraging. Most common adverse events in
our study were dizziness, somnolence, and headache, which
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FIGURE 4 | Bar graph showing difference in pre-treatment and post treatment, (A) pain interference between gabapentin naïve vs. gabapentin experienced patients
who completed the study, (B) pain relief with medication.

FIGURE 5 | Bar graph showing four aspects of treatment satisfaction questionnaire for medication (TSQM) in gabapentin-naïve vs. gabapentin-experienced patients
who completed the study. ∗Statistical significant.

are consistent with the previously published literature (Beal
et al., 2012). Rates of adverse events in our study were
similar to previously published literature, which proves that
gabapentin ER has good tolerability in patients suffering
from PAP. Pharmacokinetic properties such as slower
increase to a flatter peak may diminish the occurrence
of adverse events compared with gabapentin IR. It also
has a slower increase to the peak concentration and less

drastic fluctuations in blood concentrations, which might
possibly reduce the rate of adverse events compared to the IR
formulation (Gordi et al., 2008; Kagan and Hoffman, 2009;
Chen et al., 2011, 2013). The polymers in the gabapentin
ER tablet are commonly used in the food industry and
have not been reported to be associated with toxicological
issues (Berner and Cowles, 2006). The intrasubject variability
in gabapentin absorption is substantially less than that of
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TABLE 2 | Adverse events reported at each visit by the patients.

Week 1 Week 2 Week 4 Week 8 Week 10

Dizziness 3 3 4 1 0

Headache 1 0 0 1 0

Diarrhea 1 2 1 3 1

Somnolence 1 2 2 2 1

Vivid dreaming 0 1 0 0 0

Occasionalreflux 0 1 0 0 0

Nausea 0 1 1 2 0

Dry mouth 0 0 0 1 0

Blurry vision 0 0 0 1 0

the intersubject variability; thus gabapentin plasma level is
dependent on dose (Gidal et al., 2000).

We showed that gabapentin is safe to use as up to a dose
of 1800 mg/day in patients with PAP. We also demonstrated
that it is safe to titrate gabapentin to its maintenance dose
over a 2-week period in both gabapentin-naïve and gabapentin-
experienced patients. For this reason, the FDA recommended
dose titrations up to 1800 mg/day, over 2 weeks, at the
time of approval of gabapentin ER for postherpetic neuralgia
(FDA, 2011). Once-daily dosing of 1800 mg/day is a standard
dose of gabapentin ER used for postherpetic neuralgia (Fan
et al., 2014). Safety profile of gabapentin ER was studied
in patients suffering from postherpetic neuralgia, where it
was found to be safe with good adverse effect tolerability
at doses of up to 1800 mg/day which were used in our
study (Irving et al., 2009; Jensen et al., 2009). Gabapentin ER
has an extended duration and results in less fluctuations in
blood concentrations, making it possible to use lower daily
doses as compared to gabapentin IR (Kagan and Hoffman,
2009). It is important to remember that gabapentin IR has
been used at doses of up to 3600 mg/day with no significant
changes in the adverse event profile (Backonja and Glanzman,
2003). To date, no study has been published comparing
gabapentin ER and IR formulation at doses higher than
3000 mg/day. Cowles et al. (2012) have used gabapentin
ER in postmenopausal women with hot flashes with a daily
dose of 3000 mg with no significant differences in the
adverse effect profile. This study was initiated in February
2005 following positive results from a phase 1 trial in
which gabapentin ER demonstrated a pharmacokinetic profile
suitable for twice-daily dosing. In two pharmacokinetic studies,
gabapentin ER achieved improved bioavailability at higher doses
(Depomed, 2007).

Our study also demonstrated that gabapentin ER is effective
in relieving PAP. Our study was designed to compare the role
of gabapentin ER between gabapentin-naïve and gabapentin-
experienced patients; however, we neither had a placebo nor
other medication group, which could have served as true
control group(s). There is limited literature available comparing
gabapentin with placebo in PAP. A noteworthy trial was
conducted by Smith et al. comparing gabapentin with placebo
in patients with PAP, which did fail to show significant pain
relief in patients on gabapentin (Smith et al., 2005). However,

the baseline pain scores were significantly lower as compared to
our populations, which might explain this difference. Bone et al.
(2002) showed a significant improvement in pain scores with
the use of gabapentin in patients with postamputation phantom
pain only. In this study, baseline pain intensity and percentage of
pain relief with gabapentin were similar to our trial. We believe
that the results from these two studies support our inference that
gabapentin ER is similar in efficacy as compared to gabapentin
IR. Recently, another formulation of gabapentin, gabapentin
enacarbil, has been approved as once-daily dose for the treatment
of postherpetic neuralgia (Backonja et al., 2011; Harden et al.,
2013). Similar to Gabapentin ER, Gabapentin enacarbil has been
shown to be safe and effective up to doses of 2400–3600 mg/day
in patients suffering from postherpetic neuralgia (Calkins et al.,
2016). We believe that both gabapentin ER and gabapentin
enacarbil have the potential to replace gabapentin IR; however, a
direct comparison between the two formerly described extended
duration formulations is needed before reaching any conclusions.

Our study limited the maximum dose of gabapentin ER
to 1800 mg/day, which is equivalent to the commonly used
dosage of gabapentin IR for the treatment of PAP. However,
it is important to determine the maximum dose, which can be
used to treat PAP without increasing risks of serious adverse
effects. Secondly, we excluded patients with end-stage renal
disease because of the known renal metabolism and excretion
of gabapentin, which would require a dosage adjustment and
because of a potential factor for bias in interpreting the
attained results. Although gabapentin ER has been shown
to be safe in patients with end-stage renal disease in a
previous randomized control trial, further confirmation of the
safety of gabapentin ER in this subgroup is needed. Lastly,
it is also important to consider doing a long-term follow-
up study to assess whether the effects of this medication
in this patient population is sustainable over long period of
time. Furthermore, costs of gabapentin ER therapy should
be considered before deciding its role in the treatment of
PAP. We therefore suggest that a detailed analysis of total
costs associated with gabapentin therapy be evaluated, which is
possibly only done in a large clinical trial aimed at assessing
patients over a longer period of time than what has been
accomplished to date.

CONCLUSION

We found that a gabapentin ER formulation both alleviates
the pain severity and improves the functional status of patients
suffering from PAP. Moreover, we did not find any new or
unusual adverse events from the use of gabapentin ER. We are
extremely optimistic that gabapentin ER may be of great value
clinically for patients suffering from PAP.
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Beta-Caryophyllene, Carnosic 
Acid, and Myrrh Extract on Chronic 
Neuropathic Pain: A Preclinical Study
Yannick Fotio 1, Amina Aboufares El Alaoui 1, Anna Maria Borruto 1, Samantha Acciarini 1, 
Antonio Giordano 2 and Roberto Ciccocioppo 1*

1 School of Pharmacy, Pharmacology Unit, University of Camerino, Camerino, Italy, 2 Section of Neuroscience and Cell 
Biology, Department of Experimental and Clinical Medicine, Universita’ Politecnica delle Marche, Ancona, Italy

Neuropathic pain (NP) is a common public health problem that poses a major challenge 
to basic scientists and health-care providers. NP is a complex problem with an unclear 
etiology and an often-inadequate response to current medications. Despite the high 
number of drugs available, their limited pharmacological efficacy and side effects hamper 
their chronic use. Thus, the search for novel treatments is a priority. In addition to 
pharmaceuticals, natural extracts and food supplements are often used to help treating 
patients with NP. One such supplement is Noxiall®, a commercially available combination 
of N-Palmitoylethanolamide (PEA), beta-caryophyllene; carnosic acid and myrrh. Here, 
we compare the efficacy of Noxiall® to that of the medications gabapentin and pregabalin 
in the NP model of chronic constriction injury (CCI) using sciatic nerve ligation in mouse. 
Following CCI, mice developed a significant increase in mechanical allodynia and thermal 
hyperalgesia. Results showed that administration of either Noxiall®, pregabalin, or 
gabapentin significantly attenuated mechanical allodynia. The magnitude of the Noxiall® 
effect was comparable to that of gabapentin or pregabalin. In addition, co-administration 
of non-effective doses of pregabalin and Noxiall® resulted in a significant decrease in NP, 
suggesting an additive efficacy. Noxiall® was efficacious also in reducing CCI-induced 
thermal hyperalgesia. These findings support the rationale of using natural remedies in 
conjunction with classical pharmacological agents to treat chronic NP.

Keywords: neuropathic pain, nutraceutical, PEA, beta-caryophyllene, carnosic acid, myrrh, gabapentin

INTRODUCTION

Neuropathic pain (NP) is a debilitating public health problem that affects 7% to 8% of the global 
population (Bouhassira et al., 2008; Smith and Torrance, 2012). Reduced productivity, increased 
compensation costs, and the treatment of conditions related to neuropathic pain contribute to the 
substantial financial burden in disease management. NP often arises from a lesion or diseases of the 
somatosensory system (Dworkin et al., 2003; Costigan et al., 2009; Amin and Hosseinzadeh, 2012) 
and is considered a separate clinical entity regardless of the underlying aetiology (Attal et  al.,  2008). 
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The pathophysiology of NP is complex and not fully elucidated.  
Animal studies have shown that various cell-mediated mechanisms, 
are associated with this condition (Taylor, 2009). For instance, pro-
inflammatory and pro-nociceptive mediators are released from 
injured nerve fibers and adjacent immune cells (e.g., macrophages, 
astrocyte, and microglia) (Ji and Strichartz, 2004; Abbadie, 2005; 
Costigan et al., 2009), leading to maladaptive neuronal adaptations 
resulting in hyperalgesia, allodynia usually observed in chronic 
pain (Costigan et al., 2009; Taylor, 2009).

Drugs approved for NP treatment primarily reduce the 
transmission and transduction of nociceptive signals, but their 
efficacy is limited. Several meta-analysis and reviews on NP 
indicate that only a minority of patients with NP experienced 
30% to 50% reduction in pain (Attal et al., 2006; Attal et al., 
2010; Baron et al., 2010; Cruccu et al., 2010; Dworkin et al., 2010; 
Schmader et al., 2010). Epidemiological surveys also revealed 
that currently used drugs (tricyclic antidepressants, selective 
serotonin re-uptake inhibitors, pregabalin, gabapentin, lidocaine 
patches, capsaicin high-concentration patches, and opioids) have 
significant side effects (especially in elderly patients) that hamper 
their therapeutic use (Dworkin et al., 2007; Attal et al., 2011). 
Despite development of newer drugs and the increased use of 
polytherapies, the clinical outcome remains generally modest 
with the number need to treat number needed to treat [(NNT); 
the average number of patients who need to be treated to obtain 
one positive responder] to obtain 50% pain relief has been 
estimated to be 7 in the most positive clinical trials (Finnerup et 
al., 2010a; Finnerup et al., 2010b). Novel, more efficacious, and 
safer analgesics for long-term treatments are highly needed.

Recently, the use of phytoderivatives and nutraceuticals has 
gained growing interest in the field of pain treatment. The use of 
these remedies is proposed for both the management of pain and 
for the control of the side effects associated with analgesic drugs 
(i.e., phytoderivatives are often used to attenuate opioid-induced 
constipation). Among these remedies, N-Palmitoylethanolamide 
(PEA) has been broadly studied (Gabrielsson et al., 2016; 
Artukoglu et al., 2017; Gabrielsson et al., 2017; Guida et al., 2017; 
Passavanti et al., 2017).

PEA is a fatty acid belonging to the N-acetyl ethanolamides 
family. It has anti-inflammatory, analgesic, and neuroprotective 
properties (Esposito et al., 2012). Several animal studies and clinical 
trials have been conducted to assess the clinical relevance of PEA as 
a stand-alone analgesic agent or as a part of a polytherapy (Gatti et 
al., 2012; Hesselink and Hekker, 2012; Sasso et al., 2013; Gabrielsson 
et al., 2016). Based on the affinity of PEA (EC50: 3μM)for the 
peroxisome proliferator-activated receptor-α (PPARα) (Lo Verme 
et al., 2005), it is possible that its analgesic effects are, at least in part, 
because of its agonism at this nuclear receptor, which is known to 
have an important role in pain relief (Calignano et al., 1998; Lo 
Verme et al., 2005). In addition, PEA plays an important role in 
suppressing the inflammation by reducing the activity of the pro-
inflammatory enzymes such as cyclooxygenase (COX), endothelial 
Nitric Oxide Synthase (eNOS), and inducible nitric oxide synthase 
(iNOS) (Costa et al., 2002) and by reducing immune cells activation 
(Calignano et al., 1998; Calignano et al., 2001).

Another natural product with powerful analgesic properties 
is myrrh, an aromatic rubber-resin extracted from a tree 

Commiphora myrrha (Dolara et al., 1996). Earlier studies have 
shown that of its sesquiterpenes, curzarene, and furaneudesma-
1,3-diene, are largely responsible for the analgesic effect of  
myrrh extracts. The analgesic effect of these sesquiterpenes is 
prevented by treatment with the opioid antagonist naloxone, 
suggesting a mechanism of action mediated by opioid receptors 
(Dolara et al., 1996).

Other natural products have also been shown to offer potential 
benefits in the treatment of pain and chronic inflammation; 
among these beta-caryophyllene (BCP) and carnosic acid 
(Klauke et al., 2014; Alberti et al., 2017; Segat et al., 2017). BCP is 
a natural bicyclic sesquiterpene constituent of many essential oils, 
especially from Cannabis sativa (Gertsch et al., 2008), Syzygium 
aromaticum (Ghelardini et al., 2001), Rosmarinus officinalis 
(Cinnamomun) (Gertsch et al., 2008; Ormeno et al., 2008), and 
Piper nigrum (Jirovetz et al., 2002). BCP acts as an agonist at the 
CB2 receptor, a receptor principally expressed in immune cells, 
and the activation of which induces anti-inflammatory effects 
and reduces microglia activation (Howlett et al., 2002; Klauke 
et al., 2014). Carnosic acid, present in Rosmarinus officinalis 
and Salvia officinalis, shows marked anti-oxidant properties, 
protects cells from oxidative stress, and increases the expression 
of antioxidant enzymes (Satoh et al., 2008; Ibarra et al., 2011). 
Carnosic acid’s anti-inflammatory properties also include 
inhibition of cyclooxygenase 2 (Cox 2), reduced expression of 
both interleukin 1 beta (Il-1β) and tumor necrosis factor alpha 
(TNFα) and attenuation of leukocytes infiltration into the 
damaged tissues (Maione et al., 2017).

Recently these natural products were combined in a single 
formulation (Noxiall®) that has been marketed as a food 
supplement (Italian dietary supplement registry-code 88326). 
Considering the potential analgesic and anti-inflammatory 
efficacy of this mixture, we sought to determine its efficacy in 
animal models of chronic NP. For this purpose, using the classical 
chronic constriction injury (CCI) model by ligation of the sciatic 
nerve in mouse, we tested Noxiall® on mechanical allodynia. 
Pregabalin and gabapentin, two antiepileptics approved as 
first-line treatment of NP, were used as comparators. We then 
evaluated the analgesic effect of Noxiall® on CCI induced 
thermal hyperalgesia. Finally, we tested whether combination 
of Noxiall® with pregabalin, would offer advantages over the 
antiepileptic alone.

MATERIALS AND METHODS

Animals
Male CD1 mice (Harlan, Varese, Italy) weighing approximately 
28 to 32 g at the beginning of the experiments were used (ntotal = 
188). They were fed with a standard laboratory diet and tap water 
ad libitum (4RF18, Mucedola, Settimo Milanese, Italy). Animals 
were kept at 23 ± 1°C with a 12-h light/dark cycle, light at 7:30 
a.m. All animal manipulations were carried out according to the 
European Community guidelines for animal care. Formal approval 
to conduct the experiments described was obtained from the 
Italian Ministry of Health and the Organism Responsible for 
Animal Welfare of the University of Camerino (protocol no 
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1D580.5). All efforts were made to minimize animal suffering, 
and none of these mice were used in multiple studies. Few mice 
(n = 9) showed excessive discomfort reaching human endpoint. 
For ethical reasons, these animals were euthanized and removed 
from the study.

Induction of Neuropathic Pain by Chronic 
Constriction Injury (CCI)
Neuropathic pain was induced according to the procedure 
described in earlier studies (Bennett and Xie, 1988). Briefly, mice 
were anesthetized by inhalation of a mixture of isoflurane and 
oxygen mixture. Under aseptic conditions, the right (ipsilateral) 
common sciatic nerve was exposed at the level of the middle 
thigh by blunt dissection. Proximal to the trifurcation, the nerve 
was carefully cleaned from the surrounding connective tissue, 
and three chromic cat gut ligatures (4-0, Ethicon, Norderstedt, 
Germany) were tied loosely around the nerve with about 1 mm 
between ligatures. The CCI model of mononeuropathy elicits 
a pain syndrome, that begins about 3 days after the nerve 
injury and reaches a plateau lasting between 7 and 30 days (Di 
Cesare Mannelli et al., 2014). In our experiments behavioral 
measurements were performed on days 4, 7, and 14.

Treatments
Noxiall® (FB-Health) tablets, a nutraceutical composition of PEA 
600 mg; myrrh 50 mg, BCP 10 mg, and Rosmarinus officinalis 
30.8  mg (20 mg in carnosic acid) were crushed with mortar 
and pestle to obtain a thin powder that was then suspended 
in a solution made of 95% of distilled water, and 5% of Tween 
80. The final volume was calculated to achieve the following 
concentrations: PEA (15 mg/ml), Myrrh extract (1.25 mg/ml), BCP 
(0.25 mg/ml), and carnosic acid (0.5 mg/ml). These concentrations 
were obtained by suspending each tablet of Noxiall® in 40 ml of 
vehicle (PEA 600 mg/40 ml = 15 mg/ml; Myrrh extract 50 mg/40 
ml = 1.25 mg/ml; BCP 10 mg/40 ml = 0.25 mg/ml; carnosic acid 
20 mg/40 ml = 0.5 mg/ml). Gabapentin (100 mg, Teva Pharma, 
Italy) pills were crushed in a mortar and suspended in a vehicle 
(95% of distilled water and 5% of Tween 80) to obtain a final 
concentration of 5 mg/ml. Specifically, each pill of gabapentin 
was suspended in 20 ml (100 mg/20 ml = 5 mg/ml) of vehicle. 
Pregabalin (LYRICA® 150 mg, Pfizer, Italy) pills were also 
powdered and then suspended in a vehicle (95% of distilled water 
and 5% of Tween 80) to obtain a final concentration of 5 mg/ml 
(150 mg/30 ml = 5 mg/ml). These suspensions were administered 
orally twice a day (at 09:00 and 17:00) at 10 ml/kg of body weight. 
To obtain lower concentrations, dilutions were made from these 
stock solutions. To evaluate the effect of Noxiall® on CCI-
induced mechanical allodynia mice were treated for 14 days, 
starting 24 h after surgery. For the tail immersion test, mice were 
treated twice (at 09:00 and 17:00) and the test was conducted at 
18:00. Using the same treatment schedules control mice were 
treated with vehicle.

The quality control of the active ingredients contained in 
Noxiall® is reported in the technical spreadsheet reported as 
supplementary material (see Supplementary Material files). 
Briefly, specific compositions were: PEA (FrauPharma) 99% 

purity [high-performance liquid chromatography (HPLC)]. Myrrh 
(Biosfered, Italy; total   furanodieni ≥ 40 g/Kg of which curzerene 
≥20%, furanoeudesma-1,3-diene  ≥30%, Lindestrene ≥8%, 
other furanodieni ≥5%. BCP from Piper nigrum (Biosfered); 
80% purity, α-cariofillene 2%, other therpens (α-Pinene, 
β-Pinene, D,L-Limonene, α-copaene). Analysis carried out gas 
chromatography–mass spectrometry (GC-MS)/FID. Rosmarinus 
officinalis in 65% carnosic acid (Nutrafur, Spain, HPLC). Total 
diterpenes (%), 68.0 to 75.0; carbohydrates (%), 0.5 to 1.0; 
lipids (%), 20.0 to 25.0; proteins (Nx 6.25) (%), 0.5 to 1.0; other 
polyphenols, 0.5 to 2.0, mineral salts (%), 0.1 to 0.5.

Von Frey Test to Measure Mechanical 
Allodynia
Animals were placed in 10 ×10 cm Plexiglas boxes equipped 
with a metallic mesh floor, 20  cm above the bench. Fifteen 
minutes of habituation was allowed before the test session. An 
autonomic Von Frey hair unit (Ugo Basile, Varese, Italy) was 
used according to previously described methods (Barrot, 2012; 
Martinov et al., 2013). Briefly, a gradually increasing pressure was 
applied to filaments through the mesh floor perpendicularly to 
the plantar surface of ligated and non-ligated (contralateral) hind 
paw: the withdrawal threshold was evaluated by applying forces 
ranging from 0 to 5 g. The paw sensitivity threshold was set as 
the minimum force required to induce a robust and immediate 
withdrawal of the paw. Three nociceptive threshold values were 
recorded at 15-s intervals and averaged. Measurements were 
performed 60 min after the 09:00 drug administration.

Hot Plate Test to Measure Thermal 
Hyperalgesia
Animals (27) were gently dropped in the hot plate apparatus 
(Socrel DS37) with a heating platform (25 × 25 cm) made of 
aluminium, and a transparent cylindrical chamber (20 × 26 cm) 
made of Plexiglas. The platform was maintained at 48.0°C  ± 
1.0°C (Espejo and Mir, 1993; Baliki et al., 2005). Briefly, paw 
withdrawal latency was calculated using a timer that was started 
when the animal was released onto the preheated platform and 
stopped at the moment of withdrawal, shaking, or licking of 
either hind paw. Three paw withdrawal measures (separated 
by 2 min) were recorded and averaged. A 30-s cutoff time was 
applied to avoid tissue damages. Higher is the latency, lower is 
the pain perception.

Open Field Maze to Measure Locomotor 
Activity
N = 21 mice were placed in an automated open field boxes (Med 
Associate, St. Albans, VT, USA) to quantify the locomotor activity 
of animals following treatment with Noxiall® in comparison 
to gabapentin. Each animal was placed in the activity box, a 
square plastic box measuring 43 × 43 × 30 cm, and spontaneous 
locomotor activity parameters were monitored as described 
here (Seibenhener and Wooten, 2015). Activity was recorded 
for 10 min after placing the animal in the test cage. Locomotor 
activity of each mouse was automatically recorded by interruption 
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of light beams, which were connected to an automatic software.  
The behavioral parameter observed was locomotion (as reflected 
by the travel distance). Between animals, the apparatus was 
cleaned with alcohol (70%) and dried with a clean cloth.

Statistical Analysis
The effect of treatment on the paw withdrawal threshold over 
time was analyzed by “Two-Way ANOVA with “treatment” as 
between factor and “time” as within factor. Withdrawal threshold 
of the ipsilateral (CCI paw) and the contralateral (control) 
paws were analyzed by “One-Way” between factor (treatment) 
ANOVA. Response to the Von Frey test at 4, 7, and 14 days were 
further analyzed by separate ANOVAs. Similar analysis was used 
to evaluated the effect of drugs on thermal hyperalgesia Effect 
of treatment on locomotor activity was analyzed by “one-way” 
between factor (treatment) ANOVA. When appropriate, the 
Newman–Keuls multiple comparison test was used for post hoc 
analysis. Statistical significance was set at p < 0.05. Data represent 
the mean (±SEM) of 9–10 mice/group.

RESULTS

Experiment 1: Effect of Noxiall® and 
Gabapentin on CCI-Induced Mechanical 
Allodynia
Mice were divided into three groups (n = 8–9/group at the 
beginning of the experiment): group 1, Noxiall® (PEA 150 mg/ 
10 ml/kg, Myrrh 12.5 mg/10 ml/kg, BCP 2.5 mg/10 ml/kg, and 
carnosic acid 5.0 mg/10 ml/kg); group 2, gabapentin (50 mg/ 
10 ml/kg); group 3, vehicle (95% of distilled water and 5% of Tween 
80/10 ml/kg). Drug treatments began 24 h after CCI surgery and 
continued until day 14. On days 4, 7, and 14 after sciatic nerve 
ligation the Von Frey test was carried out. N = 26 mice were used 
at the beginning of these experiments but 7 days following CCI 
surgery, one mouse of the vehicle group was excluded because 
it reached the human end-point. Thus, at days 4, 7, and 14, the 
number of mice used was 26, 25, and 25, respectively. As shown 
in Figure 1, in the control group the withdrawal threshold of the 

CCI paw with respect to the control paw remained markedly 
lower during the whole experimental period suggesting a stable 
allodynia following surgery. A two-way (factors: treatment and 
time) overall ANOVA revealed a significant effect of treatment 
[F(2; 22) = 18.27; p < 0.0001], time [F(2; 44) = 31.52; p < 0.0001] but 
not treatment × time interaction [F(4; 44) = 1.586; p = 0.1949] on 
CCI. At the contralateral (control) paw overall ANOVA showed 
no effect of treatment [F(2; 22) = 3.247; p = 0.0581], time [F(2; 44) = 
2.053; p = 0.14], and their interaction [F(4; 44) = 0.2931; p = 0.8809]. 
To further evaluate the effect of treatment, single ANOVAs were 
used to analyze mechanical allodynia at the different timepoints. 
Results showed that treatments with either Noxiall® or gabapentin 
significantly reduced the expression of mechanical allodynia at 
days 4 [F(2; 23) = 7.4; p = 0.0033], 7 [F(2; 22) = 33.69; p < 0.0001], 
and 14 [F(2; 22) = 21.34; p < 0.0001]. The Newman–Keuls test 
revealed that both Noxiall® and gabapentin significantly reduced 
the expression of mechanical allodynia throughout the treatment 
period. Treatments did not modify tactile reactions of control paw 
{day 4 [F(2; 23) = 2.2603; p = 0.7731 (ns)]; day 7 [F(2; 22) = 1.347; p = 
0.2810 (ns)], and day 14 [F(2; 22) = 0.9053; p > 0.05 (ns)]}.

Experiment 2: Determination of the  
Dose Response Curve of Noxiall on  
CCI-Induced Mechanical Allodynia
After 24 h from CCI surgery four groups of mice (n = 10/group 
at the beginning of the experiment) received three different doses 
of Noxiall® or vehicle. Specifically, twice a day, group 1 received 
Noxiall® (PEA 150 mg/10 ml/kg, Myrrh 12.5 mg/10 ml/kg, BCP 
2.5 mg/10 ml/kg, and carnosic acid 5.0 mg/10 ml/kg); group 2, 
Noxiall® (PEA 75 mg/10 ml/kg, Myrrh 6.25 mg/10 ml/kg, BCP 
1.25 mg/10 ml/kg, and carnosic acid 2.5 mg/10 ml/kg); group 3, 
Noxiall® (PEA 50 mg/10 ml/kg, Myrrh 4.16 mg/10 ml/kg, BCP 0.83 
mg/10 ml/kg, and carnosic acid 1.67 mg/10 ml/kg); group 4, vehicle. 
Treatments continued for 14 days. On days 4, 7, and 14 after sciatic 
nerve ligation, the Von Frey test was carried out. Forty mice were 
used at the beginning of these experiments but due to excessive 
discomfort two mice (one vehicle and one Noxiall® lowest dose) 
were sacrificed before day 7. Whereas other two mice (one Noxiall® 

FIGURE 1 | Effect of oral treatment with Noxiall® (Nox) and gabapentin (GBP) on chronic constriction injury (CCI)-induced mechanical allodynia in mice. Animals 
were treated twice a day with Noxiall® (PEA 300 mg/10 ml/kg, Myrrh 25 mg/10 ml/kg, beta-caryophyllene (BCP) 5 mg/10 ml/kg and Rosmarinus officinalis 
6.16 mg/10 ml/kg), gabapentin (100 mg/10 mg/kg) or vehicle on mechanical allodynia: (A) at day 4; (B) day 7 and (C) day 14, respectively. Values represent the 
mean ± SEM. Difference from vehicle (Veh): *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.05 Nox vs GBP.
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lowest dose and one Noxiall® intermediate dose) were sacrificed 
before test day 14. Thus, the number of mice tested at days 4, 7, and 
14 were 40, 38, and 36, respectively. On CCI-induced mechanical 
allodynia, a two-way (factors: treatment and time) overall ANOVA 
showed a significant effect of treatment [F(3; 34) = 29.85; p < 0.0001], 
but no effect of time [F(2; 68) = 0.9660; p = 0.3858] or treatment × 
time interaction [F(6; 68) = 1.939; p = 0.087]. At the contralateral 
(control) paw, overall ANOVA showed no effect of treatment [F(3; 34) 
= 0.4804; p = 0.6981], no effect of time [F(2; 68) = 6.379; p = 0.0929] 
and no treatment × time interaction [F(6; 68) = 0.3017; p = 0.8753]. 
To further evaluate the effect of treatment, single ANOVAs were 
used to analyze mechanical allodynia at the different timepoints. As 
shown in Figure 2A, B, and C in the control group the withdrawal 
threshold of ligated paw remained markedly lower with respect to 
the contralateral paw suggesting stable expression of allodynia after 
sciatic nerve ligation. ANOVA revealed a significant effect of the 
treatment at all timepoints {day 4, [F(3; 36) = 7.845; p = 0.0004]; day 
7 [F(3; 34) = 21.54; p < 0.0001]; day 14 [F(3; 32) = 10.29; p < 0.001]}. As 

shown in Figure 2A, on day 4 the Newman–Keuls test, revealed 
significantly (p < 0.01) reduced mechanical allodynia following the 
highest dose of Noxiall® compared to vehicle. On day 7 (Figure 2B) 
and on day 14 (Figure 2C), the treatment attenuated the expression 
of mechanical allodynia at the intermediate (p < 0.01) and at the 
highest dose (p < 0.001) compared to vehicles. Noxiall® did not 
modify the paw withdrawal threshold of the contralateral paw at 
any of the timepoint tested.

Experiment 3: Determination of the 
Dose Response Curve of Pregabalin on 
CCI-Induced Mechanical Allodynia
After 24 h from the CCI surgery, four groups of mice (n = 9–10/
group) received different doses of pregabalin (15, 25, or 50 mg/ 
10 ml/kg) or vehicle twice a day. Treatments continued for 14 days. 
On days 4, 7, and 14 after sciatic nerve ligation, the Von Frey test 
was performed. Thirty-eight mice were involved at the beginning 

FIGURE 2 | Dose–effect relationship of Noxiall® (Nox) on CCI-induced mechanical allodynia at: (A) day 4 (B); day 7; (C) day 14. Animals were treated twice a day with 
Noxiall® at a high (PEA 300 mg/10 ml/kg, Myrrh 25 mg/10 ml/kg, BCP 5 mg/10 ml/kg, and Rosmarinus officinalis 6.16 mg/10 ml/kg); intermediate (PEA 150 mg/10 ml/kg, 
Myrrh 12.5 mg/10 ml/kg, BCP 2.5 mg/10 ml/kg and Rosmarinus officinalis 3.08 mg/10 ml/kg) low (PEA 100 mg/10 ml/kg, Myrrh 8.32 mg/10 ml/kg, BCP 1.66 mg/10 ml/kg, 
and Rosmarinus officinalis 2.04 mg/10 ml/kg) dose or vehicle (Veh). Values represent the mean ± SEM. Difference from vehicle **p < 0.01, ***p < 0.001, ##p < 0.01, ###p < 0.001 
(300 vs 150 mg/kg), and oop < 0.01 (150 vs 100 mg/kg). Where not indicated, differences with the vehicle were not statistically significant.

FIGURE 3 | Dose–effect relationship of pregabalin (PGB) on CCI-induced mechanical allodynia at: (A) day 4 (B); day 7; (C) day 14. Pregabalin (30, 50, or 
100 mg/10 ml/kg) or vehicle were given twice a day. Values represent the mean ± SEM. Difference from vehicle: *p < 0.05, **p < 0.01, ***p < 0.001, and ##p < 0.01 
(100 vs 50 mg/kg). Where not indicated, differences with the vehicle were not statistically significant.
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of these experiments but due to excessive discomfort one mouse 
(pregabalin, 25 mg group) was sacrificed before test day 7. Other 
two mice (one vehicle and one pregabalin 15 mg) were sacrificed 
before test day 14. Thus, the number of mice tested at days 4, 7, 
and 14 were 38, 37, and 35, respectively. As shown in Figure 3, for 
the whole experimental period in the control group the withdrawal 
threshold of the experimental paw remained markedly lower 
respect to the contralateral paw suggesting stable expression of 
allodynia after sciatic nerve ligation. A two-way (factors: treatment 
and time) overall ANOVA revealed a significant effect of treatment 
[F(3; 33) = 59.85; p < 0.0001], but not the effect of time [F(2; 66) = 1.624; 
p = 0.2049] and treatment × time interaction [F(6; 66) = 0.8566; p = 
0.5315] on CCI. Overall ANOVA also showed no effect of treatment 
[F(3; 33) = 2.426; p = 0.083], time [F(2; 66) = 0.1780; p = 0.8374] and  
treatment × time interaction [F(6; 66) = 0.3671; p = 0.8972] on 
the ipsilateral (CCI) paw. When single ANOVAs were used to 
further analyze CCI-induced mechanical allodynia at the different 
timepoints results revealed a significant effect of treatment at 
all timepoints {day 4, [F(3; 34) = 14.59; p < 0.0001]; day 7 [F(3, 33) = 
14,46; p < 0.0001]; day 14 [F(3; 31) = 38,19; p < 0.0001]}. As shown in 
Figure 3A, on day 4, the Newman–Keuls test, revealed significant 
reduction of mechanical allodynia at 25 mg/kg (p < 0.05) and 50 mg/
kg (p < 0.01) of pregabalin compared with vehicle. On day 7 (Figure 
3B) and on day 14 (Figure 3C) pregabalin markedly attenuated 
the expression of mechanical allodynia at 25 mg/kg (p < 0.01) and  
50 mg/kg (p < 0.001) compared to vehicles. Drug treatment did not 
modify the paw withdrawal threshold of the contralateral paw at 
any of the timepoint tested.

Experiment 4: Co-administration of 
Inactive Doses of Pregabalin and Noxiall® 
on CCI-Induced Mechanical Allodynia
Previous experiments showed that the lowest dose of Noxiall® 
[PEA 50 mg/10 ml/kg, Myrrh 4.16 mg/10 ml/kg, BCP 
0.83  mg/10  ml/kg, and carnosic acid 1.67 mg/10 ml/kg); and 
15 mg/kg of pregabalin were both ineffective at reducing 

CCI-induced allodynia. Here, these ineffective doses were 
co-administered to evaluate the possibility of additive effects. 
After 24 h from the CCI surgery four groups of mice (n = 8-10/
group) received either Noxiall®, pregabalin, the combination 
of both drugs or vehicle twice a day. Treatments continued 
for 14 days. N = 36 mice were involved at the beginning of 
these experiments but due to excessive discomfort one mouse 
(Noxiall® group) was sacrificed before test day 7. Thus, the 
number of mice tested at days 4, 7, and 14 were 36, 35, and 35, 
respectively. On days 4, 7, and 14 after sciatic nerve ligation 
the Von Frey test was carried out. On CCI-induced allodynia 
a two-way (factors: treatment and time) overall ANOVA 
revealed a significant effect of treatment [F(3; 32) = 34.93; 
p < 0.0001], but not the effect of time [F(2; 64) = 0.1215; p = 
0.8858] or treatment × time interaction [F(6; 64) = 1.397; p = 
0.2297]. At the contralateral (control) paw, overall ANOVA 
showed no significant effect of treatment [F(3; 32)  = 1.096; 
p = 0.3709], no effect of time [F(2; 64) = 2.695; p = 0.0754] 
and no treatment  × time interaction [F(6; 64) = 0.4040; p = 
0.8737]. To further evaluate the effect of treatment, single 
ANOVAs were used to analyze mechanical allodynia at 
the different timepoints. As in previous experiments in the 
control group the paw withdrawal threshold of the CCI paw 
remained markedly lower with respect to the contralateral 
paw suggesting stable expression of allodynia after surgery. 
ANOVA revealed a significant effect of the treatment at all 
timepoints {day 4 [F(3; 32) = 5,49; p = 0.0037]; day 7 [F(3, 31) = 
22.39; p < 0.0001]; day 14 [F(3,31) = 10,24; p < 0.0001]}. On 
day 4 (Figure 4A), compared to vehicles the Newman–Keuls 
test revealed a significant reduction of mechanical allodynia 
only when Noxiall® and pregabalin were combined (p < 0.01). 
As shown in Figure 4B and Figure 4C similar but more 
pronounced effects were detected on day 7 (p < 0.001) and day 
14 (p < 0.001). Treatment with Noxiall® or with Pregabalin 
alone did not exert significant effects compared to vehicles. 
Drug treatments did not modify the withdrawal threshold of 
the contralateral paw at any of the timepoint tested.

FIGURE 4 | Effect of co-administration of an ineffective doses of Noxiall® (Nox) and of pregabalin (PGB) on CCI-induced mechanical allodynia at: (A) day 4; 
(B) day 7; (C) day 14. Noxiall® (PEA 100 mg/10 ml/kg, Myrrh 8.32 mg/10 ml/kg, BCP 1.66 mg/10 ml/kg and Rosmarinus officinalis 2.04 mg/10 ml/kg), pregabalin 
(30 mg/10 ml/kg) their combination (Nox + PGB) or vehicle (Veh) were given twice a day. Values represent the mean ± SEM. Difference from vehicle: **p < 0.01 and 
***p < 0.001. Where not indicated, differences with the vehicle were not statistically significant.
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Experiment 5: Effect of Noxiall® and 
Gabapentin on CCI-Induced Thermal 
Hyperalgesia
Mice were divided into three groups (n = 9/group at the beginning 
of the experiment) to be tested with the highest dose of Noxiall® 
and gabapentin: group 1, received Noxiall® (PEA 150 mg/10 ml/kg, 
Myrrh 12.5 mg/10 ml/kg, BCP 2.5 mg/10 ml/kg, and carnosic 
acid 5.0 mg/10 ml/kg); group 2 was treated with gabapentin (50 mg/10 
ml/kg); group 3 was injected with vehicle (95% of distilled water 
and 5% of Tween 80/10 ml/kg). Treatments began 24 h after CCI 
surgery and continued until day 14. On days 4, 7, and 14 after 
sciatic nerve ligation the hot plate test was carried out. Twenty-
six mice were used at the beginning of the experiment but 4 
days following CCI surgery, 3 mice were excluded because they 
reached the human end-point. Thus 24 mice were included in the 
statistical analysis. As shown in Figure 5, in the control group 

the paw withdrawal latency of mice respect to their baseline 
values remained markedly lower during the whole experimental 
period suggesting a stable hyperalgesia following surgery. A two-
way (factors: treatment and time) overall ANOVA revealed a 
significant effect of treatment [F(2; 21) = 34.44; p < 0.0001], but not 
time [F(2; 42) = 0.7612; p = 0.4734] and the interaction between 
factors [F(4; 42) = 0.7052; p = 0.5923] on CCI. To further evaluate 
the effect of treatment, single ANOVAs’ were used to analyze heat 
hyperalgesia at the different timepoints. As reported in Figure 5, 
results showed that on day 4, a significant effect of treatments on 
thermal hyperalgesia was detected [F(2; 21) = 5.806; p = 0.0095]. 
Newman–Keuls post hoc analysis revealed that treatment with 
gabapentin (p < 0.01) but not Noxiall® significantly reduced 
the expression of heat hyperalgesia. Drug treatments showed 
a significant reduction in thermal hyperalgesia also at day 7  
[F(2; 21) = 10.43; p = 0.0007] and day 14 [F(2; 21) = 12.46; p = 0.0003]. 

FIGURE 5 | Effect of oral treatment with Noxiall® (Nox) and GBP on CCI-induced heat hyperalgesia in male CD1 mice. Animals (n = 9/group) were treated twice a 
day with Noxiall® (PEA 300 mg/10 ml/kg, Myrrh 25 mg/10 ml/kg, BCP 5 mg/10 mL/kg and Rosmarinus officinalis 6.16 mg/10 ml/kg), gabapentin (100 mg/10 mg/ kg) 
or vehicle on mechanical allodynia: (A) at day 4; (B) day 7; and (C) day 14, respectively. Values represent the mean ± SEM. Difference from vehicle (Veh): 
**p < 0.01 and ***p < 0.001.

FIGURE 6 | Total distance traveled in the open field test. Total distance in centimeters (cm) of their respective tracks were combined and statistically analyzed to 
visualize any differences in ambulation. With respect to the vehicle, mice treated with Noxiall® or gabapentin did not show significant differences in the Open Field 
Maze (OFM) when total distance was measured. Data are expressed as the mean ± SEM.
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Post hoc tests showed a significant reduction in response to 
thermal stimuli with Noxiall® at 7 (p < 0.01) and 14 days (p < 
0.001) as well as with gabapentin (p < 0.001).

Experiment 6: Effect of Noxiall® and 
Gabapentin on Locomotor Activity
CD1 mice (n = 21) were divided into three groups (n = 7/group). 
Group 1 received vehicle (95% of distilled water and 5% of Tween 
80/10 ml/kg); group 2, the highest dose of Noxiall® (PEA 150 
mg/10 ml/kg, Myrrh 12.5 mg/10 ml/kg, BCP 2.5 mg/10 ml/kg 
and carnosic acid 5.0 mg/10 ml/kg); group 3, the highest dose 
of gabapentin (50 mg/10 ml/kg). Overall, ANOVA showed no 
effects of treatments on total distance travelled [F(2,18) = 1.584; p = 
0.2325] as reported in Figure 6.

DISCUSSION

The present study explored the therapeutic potential of Noxiall®, 
a combination of PEA, BCP, myrrh, and carnosic acid, in the 
treatment of NP elicited by sciatic nerve ligation in the mouse. The 
rational for the combination of the active ingredients contained in 
Noxiall® comes from the results of previous studies demonstrating 
their efficacy in the treatment of chronic pain in various animal 
model (Dolara et al., 1996; Esposito et al., 2012; Hesselink and 
Hekker, 2012; Passavanti et al., 2017; Segat et al., 2017). Evidence 
of clinical efficacy of PEA in NP has been also documented 
(Hesselink and Hekker, 2012; Gabrielsson et al., 2016).

Consistent with current literature, results showed that sciatic 
nerve ligation in the mouse led to a significant development of 
mechanical allodynia that is one of the main symptoms of NP 
(Kaulaskar et al., 2012; Jensen and Finnerup, 2014). As expected 
the allodynic response increased progressively after surgery and 
reached its maximal expression at 4 days after surgery. No signs of 
spontaneous recovery from allodynia were observed throughout 
the experimental period (14 days). This is in line with the current 
literature demonstrating that in CCI rodent models, allodynia 
remains remarkably stable for at least 1 month from surgery 
(Bennett and Xie, 1988; Bennett et al., 2003). In our experiment, 
treatment with Noxiall® elicited a marked enhancement of the 
withdrawal threshold in response to a mechanical stimulus applied 
to the ligated paw suggesting an ability of this treatment to attenuate 
allodynia. In parallel to treatment with Noxiall®, a separate group 
of mice was treated with gabapentin, an anti-epileptic agent that 
is a first-line treatment for NP in the clinic (Wiffen et al., 2017; 
Moore et al., 2018). The dose of gabapentin used was chosen based 
on previous studies in which its efficacy in rodent CCI models was 
demonstrated (Kusunose et al., 2010; Corona-Ramos et al., 2016; 
Hewitt et al., 2016). As expected gabapentin was highly effective in 
attenuating the allodynia associated with sciatic nerve ligation. We 
found that in the CCI model, Noxiall® was as potent as gabapentin. 
Based on this finding, we sought, therefore, important to further 
characterize the pharmacological effects of Noxiall® on thermal 
hyperalgesia in CCI mice (Espejo and Mir, 1993; Baliki et al., 
2005). Results showed that CCI elicited a significant increase in 
heat sensitivity that was markedly reduced by both Noxiall® and 

gabapentin. Of note these effects of drugs cannot be attributed 
to unspecific changes in motor performances as both agents did 
not significantly modify the distance travelled in the open field 
test. These observations prompted us to determine the dose 
response curve of Noxiall® in comparison to pregabalin, another 
gabapentinoid was widely used for the treatment of NP in the clinic. 
Also, in this case, the doses of pregabalin were chosen on the base 
of previous studies in which its efficacy in the treatment of NP was 
demonstrated in rodents (Kusunose et al., 2010; Corona-Ramos 
et al., 2016). Results indicated that both treatments significantly 
attenuated allodynia in a dose related manner. In the case of 
pregabalin the effect was significant following administration of 
25 and 50 mg/kg but not after treatment with 15 mg/kg. Noxiall®, 
also significantly reduced allodynia at all but the lowest dose. 
Treatments never modified the tactile response at the control 
paw, suggesting that the effects of Noxiall® and pregabalin were 
not influenced by potentially unspecific actions such as sedation 
or loss of mechanical sensitivity (i.e., analgesia). Gabapentinoids 
represent a first-line treatment in chronic NP and represent one of 
the most widely used clinical approach to control this condition. 
Unfortunately, their efficacy appears to be limited as several clinical 
studies reported that use of these agents is beneficial only in about 
one out of three or four (Finnerup et al., 2007; Moore et al., 2011; 
Wiffen et al., 2017). In addition, these compounds, especially 
when given at high dosages and to elderly patients can produce 
pronounced side effects, such as excessive sedation, numbness, loss 
of vigilance, decline in cognitive performances (Moore et al., 2011; 
Quintero, 2017). On the other hand, low doses of gabapentinoids 
are often not sufficient to control NP symptoms. prompted by 
these issues, we decided to determine whether combining the 
nutraceutical with pregabalin was able to enhance the efficacy of 
low dose of pregabalin treatment. We treated mice with the low, 
ineffective dose of pregabalin (15 mg/kg) and the low, ineffective 
dose of Noxiall®. While the low doses of pregabalin and Noxiall® 
again proved ineffective at attenuating allodynia, interestingly, when 
the two low doses treatment was combined, we saw a significant 
attenuation of allodynia. Our finding supports the possibility of 
using this nutraceutical in association with pregabalin, and possibly 
with other pharmacological treatment, as an add-on to improve 
treatment efficacy. The clinical advantage would be better control of 
NP symptoms at lower pregabalin dosages, and therefore, a lower 
risk of patients experiencing gabapentinoids side effects.

In the present study, we did not explore the specific role of the 
individual active ingredients (PEA, BCP, myrrh, and carnosic acid) 
contained in Noxiall®. However, have looked at potential roles for 
each component in treating NP. PEA has been shown to strongly 
attenuated neuropathic pain both in rodents and in humans 
(Costa et al., 2008; Dominguez et al., 2012; Hesselink and Hekker, 
2012; Kopsky and Hesselink, 2012; Skaper et al., 2014; Britti et al., 
2017). This effect appears to be partly mediated through PPARα 
activation (LoVerme et al., 2005). Myrrh has also been shown to 
possess analgesic and anti-inflammatory properties in several 
animal models of acute pain (Dolara et al., 1996; Shalaby and 
Hammouda, 2014). The effect of myrrh appears to be mediated by 
activation of opioid receptors as the analgesic effect of curzarene 
and furaneudesma-1,3-diene, the two major active compounds 
of the phytocomplex, is blocked by administration of the opioid 
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antagonist naloxone (Dolara et al., 1996). Beneficial effects of 
BCP on NP have been demonstrated. Acting as cannabinoid CB2 
receptor agonist, BCP has been shown to exerts anti-inflammatory 
effects and can prevent the recruitment of immune system 
occurring during development of chronic NP (Howlett et al., 2002; 
Klauke et al., 2014). Finally, because of its anti-oxidant properties 
carnosic acid can contribute to attenuate the consequence of 
neuronal insults occurring in NP condition (Satoh et al., 2008; 
Ibarra et al., 2011; Maione et al., 2017).

A major finding in our study is the ability of Noxiall® to 
potentiate the analgesic effects of pregabalin. To show this we 
used the “Combination Subthresholding” approach which consists 
in showing that a combination of non-effective doses of two 
drugs yields significant effects. This method is considered a valid 
approach to evaluate the enhancement in the activity of two or more 
biologically active compounds when they are combined (Foucquier 
and Guedj, 2015). However, the approach is limited in not being 
able to detect whether the effect is additive or synergistic. For this 
level of analysis, the “Loewe Additivity” method and isobologram 
evaluation should be used (Loewe, 1953; Foucquier and Guedj, 
2015; Lederer et al., 2018). However, robust isobolograms are 
difficult to build in in vivo studies as they require the test of multiple 
doses of each single compound and their combinations, making 
the experiment expensive, technically challenging and prohibitive 
(Lehar et al., 2007; Zhao et al., 2014). In chronic pain studies, 
this is further complicated by ethical factors imposing the use of 
the minimal number of animals possible (Stephens et al., 1998; 
Flecknell, 2002; Carbone, 2011). Despite this limitation, an enhance 
efficacy of the combined treatment is evident. The exact mechanism 
subserving this positive interaction is, at present, unknown. 
However, we can speculate that gabapentinoids primarily acting on 
a2d1-subunit of the voltage-gated calcium (Ca2+), reduce neuronal 
calcium influx at the pre-synaptic nerve (Fink et al., 2002; Bian 
et al., 2006). This reduction in calcium influx results in an inhibition 
of the release of neurotransmitters, including norepinephrine 
(Dooley et al., 2000; Dooley et al., 2002); substance P (Maneuf et al., 
2001); and glutamate (Maneuf and McKnight, 2001; Maneuf et al., 
2001; Cunningham et al., 2004) and thereby attenuates neuronal 
excitability associated with sensory transmission. Through its active 
compounds Noxiall®, instead, engages several biological systems as 
described above exerting anti-inflammatory, immune suppressant 
and anti-oxidant effects which work to attenuate the chronic 
stage of NP (Dolara et al., 1996; Esposito et al., 2012; Hesselink 
and Hekker, 2012; Passavanti et al., 2017; Segat et al., 2017). In 
conclusion the present study demonstrates that the nutraceutical 
containing PEA, BCP, myrrh, and carnosic acid and commercially 

available under the name of Noxiall© reduces mechanically induced 
allodynia in CCI mice. The effect is dose related and is maintained 
for the entire treatment period which suggest that it is not subjected 
to rapid tolerance development. In our CCI model the efficacy of 
this combination of natural products was comparable to that of 
gabapentin and pregabalin. Moreover, if co-administered with 
pregabalin it enhanced the efficacy of the gabapentinoid. Together 
these findings suggest that the nutraceutical composition contained 
in Noxiall®, may have potential in the treatment of NP and may 
represent an interesting add-on to treatment with medications used 
for the management of chronic NP.
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Vincristine is an antineoplastic substance that is part of many chemotherapy regimens,
used especially for the treatment of a variety of pediatric cancers including leukemias
and brain tumors. Unfortunately, many vincristine-treated patients develop peripheral
neuropathy, a side effect characterized by sensory, motoric, and autonomic symptoms.
The sensory symptoms include pain, in particular hypersensitivity to light touch, as
well as loss of sensory discrimination to detect vibration and touch. The symptoms
of vincristine-induced neuropathy are only poorly controlled by currently available
analgesics and therefore often necessitate dose reductions or even cessation of
treatment. The aim of this study was to identify new therapeutic targets for the
treatment of vincristine-induced peripheral neuropathy (VIPN) by combining behavioral
experiments, histology, and pharmacology after vincristine treatment. Local intraplantar
injection of vincristine into the hind paw caused dose- and time-dependent mechanical
hypersensitivity that developed into mechanical hyposensitivity at high doses, and lead
to a pronounced, dose-dependent infiltration of immune cells at the site of injection.
Importantly, administration of minocycline effectively prevented the development of
mechanical hypersensitivity and infiltration of immune cells in mouse models of
vincristine induce peripheral neuropathy (VIPN) based on intraperitoneal or intraplantar
administration of vincristine. Similarly, Toll-like receptor 4 knockout mice showed
diminished vincristine-induced mechanical hypersensitivity and immune cell infiltration,
while treatment with the anti-inflammatory meloxicam had no effect. These results
provide evidence for the involvement of Toll-like receptor 4 in the development of VIPN
and suggest that minocycline and/or direct Toll-like receptor 4 antagonists may be an
effective preventative treatment for patients receiving vincristine.

Keywords: neuropathic pain, chemotherapy, neuro-inflammation, vincristine, minocycline, toll-like receptor 4,
mechanical allodynia, mouse models
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INTRODUCTION

Vincristine is part of many chemotherapy regimens and one
of the most important antineoplastics for the treatment of a
range of pediatric malignancies including medulloblastomas and
neuroblastomas. The principle mode of action of vincristine
involves binding to β-tubulin and subsequent inhibition
of formation of microtubules, an action that interrupts
cell division, and leads to growth arrest of cancer cells
(Starobova and Vetter, 2017).

Unfortunately, most patients receiving vincristine develop a
dose-dependent peripheral neuropathy characterized by sensory,
motoric, and autonomic disturbances (Ramchandren et al., 2009;
Toopchizadeh et al., 2009; Seretny et al., 2014; Lavoie Smith
et al., 2015). Sensory symptoms occur most frequently, typically
develop within several weeks of treatment, and commonly
manifest as numbness, loss of sensory discrimination, tingling,
and pain (Barton et al., 2011). Vincristine-induced motor
neuropathy manifests as foot drop, gait abnormalities and
cramps (Mora et al., 2016). Despite the wide range of analgesic
and neuromodulatory treatments available, none successfully
control vincristine-induced pain, leading to further reduction
in the quality of life of vincristine-treated patients, as well as
dose reduction or cessation of the anticancer therapy (Lavoie
Smith et al., 2013). Accordingly, intense research efforts have
been directed at elucidating the pathophysiology of vincristine-
induced peripheral neuropathy (VIPN), and several putative
mechanisms have been proposed. A hallmark of VIPN is
degeneration of distal sensory axons, secondary demyelination,
and nerve fiber loss (Topp et al., 2000; Boehmerle et al.,
2014). Although the molecular mechanisms leading to these
changes in axonal function and structure remain unclear,
altered microtubule function can impair the anterograde and
the retrograde axonal transport, which in turn may lead to
Wallerian degeneration, and remodeling of axonal membranes
(Topp et al., 2000; Boehmerle et al., 2014). Vincristine is
also known to cause dysregulation and structural modifications
of neuronal mitochondria, leading to activation of apoptotic
pathways, alteration in neuronal excitability, and dysfunction of
glial cells (Starobova and Vetter, 2017). In addition, systemic
administration of vincristine is associated with an inflammatory
response, including the expression of integrins, and enhanced
chemotaxis of immune cells (Kiguchi et al., 2009; Old et al., 2014).

We sought to identify new therapeutic targets for the
treatment of VIPN by combining behavioral experiments,
histological examination and pharmacology, and found that
vincristine-induced neuropathy develops predominantly
due to neuro-inflammatory interactions involving Toll-like
receptor 4 signaling.

MATERIALS AND METHODS

Animals
All behavioral experiments were performed with 8–10 week
old adult wild type (C57BL/6J) mice or with Tlr4−/− mice
of mixed sex, noting that no differences between sexes were

observed in preliminary studies (Supplementary Figure S1).
Animals were housed with rodent chow and water ad libitum
in groups of three to five per cage under 12-h light-dark cycles
and acclimatized to experiments as described previously (Yin
et al., 2016). All experiments were performed in accordance
with the Animal Care and Protection Regulation Qld (2012), the
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes, 8th edition (2013) and the International
Association for the Study of Pain Guidelines for the Use of Animals
in Research. Ethical approval was obtained from the University of
Queensland animal ethics committee. All behavioral assessments
were performed by a blinded observer, unaware of the treatment
and genotype of each mouse, with animals randomized to
treatment groups.

Vincristine Administration
Vincristine sulfate (Sapphire Bioscience, Australia) was
dissolved in sterile Dulbecco’s phosphate buffered saline
(PBS) for intraperitoneal (i.p., 0.5 mg/kg, cumulative dose:
5 mg/kg) injection or in sterile-filtrated 5% glucose solution
for intraplantar (i.pl.; 1 pg (cumulative dose: 10 pg), 10 pg
(cumulative dose: 100 pg), 100 pg (cumulative dose: 1 ng), 1 ng
(cumulative dose: 10 ng), 10 ng (cumulative dose: 100 ng),
100 ng (cumulative dose: 1 µg), 1 µg (cumulative dose: 10 µg),
and 10 µg (cumulative dose: 60 µg) injection. Vincristine or
vehicle solution (5% glucose or PBS) was administered via
intraperitoneal injection (10 µl/g) as described previously
(Deuis et al., 2013; Old et al., 2014) or via shallow subdermal
intraplantar injection into the right hind paw (10 µl) under
isoflurane anesthesia (3%) using the injection schedule shown
in Figure 1. Intraperitoneal (0.5 mg/kg) and intraplantar (1 pg,
10 pg, 100 pg, 1 ng, 10 ng, 100 ng, and 1 µg) doses were
administered once a day for 5 days, followed by a 2 day break
and a further five injections; the 10 µg intraplantar dose was
administered once a day for 4 days, followed by a 5 day break,
and a further two injections.

Drug Treatment
Minocycline, meloxicam, and gabapentin (Sigma-Aldrich) were
dissolved in PBS. Minocycline (25 mg/kg) or PBS were
administered by intraperitoneal (i.p.) injection once daily,
beginning 3 days prior to the first vincristine administration
and then together with each vincristine (i.pl. or i.p.) injection
using the injection schedule shown in Figure 1. The dose of
minocycline was based on effective doses reported in previous
studies of chemotherapy-induced neuropathy (Boyette-Davis
and Dougherty, 2011; Boyette-Davis et al., 2011). Meloxicam
(5 mg/kg) or gabapentin (100 mg/kg) were administered once
by i.p. injection 24 h after a single vincristine injection (100 ng,
i.pl.) and behavioral assessment was performed 30 min after
meloxicam and gabapentin administration. The doses and timing
of meloxicam and gabapentin administration were based on
models of burns pain and cisplatin-induced neuropathic pain in
which these compounds provide effective analgesia and plasma
concentration studies (Deuis et al., 2014; Yin et al., 2016;
Pugh et al., 2017; Adrian et al., 2018).
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FIGURE 1 | Schedule of vincristine injections and behavioral measurements. Vincristine (<10 µg i.pl. or 0.5 mg/kg i.p.) or vehicle (5% glucose i.pl. or PBS i.p.) (open
square, gray square) were administered for five consecutive days, with 2 days break, followed by another five consecutive injections. The highest vincristine dose
(10 µg i.pl.) (black square) was administered for four consecutive days, followed by 5 days break and another two injections. Minocycline (25 mg/kg i.p.) (open
triangle) was administered once daily, 3 days before vincristine administration, and then with each vincristine injection. Arrows indicate the time points of behavioral
assessments, which were always performed before the next vincristine injection with the exception of day 0, where behavioral assessment was performed 3 h after
the first vincristine injection.

Mechanical Threshold Measurements
Changes in mechanical paw withdrawal thresholds
were assessed using an electronic von Frey apparatus
(MouseMet, Topcat Metrology Ltd., United Kingdom) as
previously described (Deuis et al., 2017a). After 30 min
acclimatization to the MouseMet test enclosures, the
ipsilateral (right, for i.pl. and i.p. administration) hind
paw withdrawal threshold was determined by measuring
the force required to elicit paw withdrawal in response to
increasing force applied via a flat-tipped filament. The average
of three measurements per mouse was computed as one
biological replicate.

Thermal Threshold Measurements
Thermal threshold measurements were conducted using a
MouseMet Thermal (Topcat Metrology Ltd., United Kingdom)
device as previously described (Deuis and Vetter, 2016).
The thermal probe was preheated to 37◦C before applying
it to the plantar surface of the ipsilateral (right, for i.pl.
and i.p. administration) hind paw. The heat rate was set
to 2.5◦C/sec, with a cut off set at 55◦C to prevent tissue
damage and the temperature that elicited paw withdrawal
was recorded. The average of three measurements per mouse
constituted one replicate.

Gait Analysis
Gait analysis was performed using the CatwalkXT (Noldus
Information Technology, Netherlands) as described previously
(Parvathy and Masocha, 2013). The green intensity of the
walkway was set at 0.10 and camera gain at 20.00. Only
runs of 3–12 s duration with speed variances below 80%

were considered for analysis, which was performed using the
CatwalkXT software.

Paw Thickness
The paw thickness of the ipsilateral and contralateral hind paw
was assessed using digital Vernier calipers (Kincrome, VIC,
Australia), as described previously (Deuis et al., 2017b). Mice
were anesthetized using 2% isoflurane and the distal-proximal
axis at the metatarsal level of the hind paw was measured 30 min
after each vincristine injection.

Hematoxylin and Eosin (H&E) Staining
C57BL/6J or Tlr4−/− mice were injected with vincristine
(i.pl., 10 µg, 100 ng or i.p., 0.5 mg/kg) or with vehicle
(i.pl., 5% glucose or i.p., PBS) using the injection schedule
shown in Figure 1. After 24 h or on day seven, the mice
were anesthetized with 10 mg/kg xylazine and 100 mg/kg
ketamine i.p. and transcardially perfused with ice-cold PBS
followed by ice-cold 4% paraformaldehyde in PBS (Sigma-
Aldrich). The injected hind paws were dissected and post
fixed for 16 h in 4% paraformaldehyde at 4◦C. The paws
were incubated at 37◦C in decalcification solution containing
20% EDTA and 3% citric acid (both Sigma-Aldrich), pH 7.2
for 14 days followed by 48 h incubation in 50% Organic
Compound Tissue (OCT, Tissue – Tek) in PBS. Finally,
the paws were frozen in OCT (Tissue-Tek). Tissue was
cut with a Leica cryostat CM1950 (Leica Biosystems). The
paws were cut into 5 µm thick sections and were stained
with hematoxylin and eosin in a Leica ST5020 Autostainer
(Leica Biosystems, Mt Waverly, VIC, Australia). Pictures
were obtained using the wide-field Zeiss AxioImage M2.m
Microscope and Axiocam 506 camera. Three animals per
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group and 5 sections per animal were analyzed according to
the scoring criteria detailed in Supplementary Table S5 by
a blinded veterinary pathologist. A representative picture for
each group is shown.

Data and Statistical Analyses
Data and statistical analyses were performed using GraphPad
Prism Version 7.00. Statistical significance was determined as
∗P- adjusted <0.05 and was calculated using two-way ANOVA
with Tukey’s multiple comparisons test. All data are shown as
mean ± standard error of the mean (SEM); n = 6 for all groups (3
females and 3 males), all experimental groups were compared to
vehicle receiving group (control). The ED50 was calculated using
the area under the curve of the experimental values following the
i.pl. administration of 1 pg, 10 pg, 100 pg, 1 ng, 10 ng, 100 ng,
1 µg, and 10 µg vincristine.

RESULTS

A Novel Mouse Model Replicates Several
Symptoms of Vincristine-Induced
Peripheral Neuropathy
Mouse models based on systemic administration of vincristine
induce symptoms of mechanical allodynia, but poorly replicate
important symptoms of human neuropathy such as sensory
loss or gait disturbances. We thus sought to isolate the dose-
dependent actions of vincristine on peripheral sensory neurons,
we established a mouse model of VIPN based on the local
administration of vincristine (1 pg, 10 pg, 100 pg, 1 ng,
10 ng, 100 ng, 1 µg, and 10 µg) via shallow subcutaneous
(intraplantar, i.pl.) injections into the hind paw of C57BL/6J
mice (Figure 1). We then compared the resulting phenotypes to
that of a conventional mouse model of VIPN based on systemic
intraperitoneal (i.p.) administration. Local administration of
vincristine caused a dose- and time-dependent mechanical
hypersensitivity that developed slowly at lower doses of
vincristine (≤10 ng) and rapidly at higher doses (≥100 ng),
with a calculated ED50 of 3.7 ng (Figure 2A, Supplementary
Figure S2, and Supplementary Table S1). Intraplantar injection
of vehicle (5% glucose) did not affect mechanical thresholds.
Interestingly, besides causing initial mechanical hypersensitivity,
local administration of higher vincristine doses (10 µg and
1 µg i.pl.) also led to the development of a more slowly
developing mechanical hypoalgesia, as evidenced by an increase
in the mechanical paw withdrawal threshold above baseline
(Figure 2A, Supplementary Figure S2, and Supplementary
Table S1). This effect occurred with a calculated ED50 of
924.5 ng, and is consistent with the clinical symptomatology,
which includes hypoesthesias that typically develop at higher
cumulative vincristine doses (Lieber et al., 2018). An apparent
recovery from the hypoalgesia, evidenced by a return of
the mechanical paw withdrawal thresholds toward baseline
values (dotted line) was observed after 25 days (Figure 2A,
Supplementary Figure S2, and Supplementary Table S1).

FIGURE 2 | Behavioral characterization of a novel mouse model of
vincristine-induced peripheral neuropathy (VIPN). Single daily injection of
vincristine (i.pl; 10 µl solution containing 10 µg or i.p.; 10 µl/g solution
containing 0.5 mg/kg) or vehicle (i.pl; 10 µl 5% glucose or i.p.; 10 µl/g PBS)
were administered using the schedule in Figure 1. Dotted lines indicate
baseline values. (A) Mechanical paw withdrawal threshold (PWT) following
vincristine administration, measured using an electronic von Frey instrument
(MouseMet, TopCat Metrology. (B) Thermal PWT following vincristine
administration assessed using MouseMet Thermal (TopCat Metrology).
(C) Paw thickness 30 min after injection was assessed using a digital Vernier
caliper (Kincrome, VIC, Australia). (D) Ipsilateral paw print area expressed in
percent of the contralateral paw following vincristine administration was
assessed using the CatwalkXT platform (Noldus Information Technology,
Netherlands). Print area is the average of paw contact area with the glass
platform (in cm2). Statistical significance was determined using two-way
ANOVA with Tukey’s multiple comparisons test; the experimental groups
(vincristine i.pl. or i.p.) were compared to the respective vehicle control group
(i.pl., 5% glucose or i.p., PBS). No significant differences between the sexes
were detected. All data are shown as mean ± SEM; n = 6 for all groups (3
females and 3 males). ∗p < 0.05.

For comparison, we additionally assessed a conventional
mouse model based on multiple intraperitoneal (i.p.) injections
of vincristine (0.5 mg/kg; Figure 1). As previously reported,
in this model a significant decrease of the mechanical
threshold, beginning on day 2 and persisting for at least
2 weeks, was observed (Figure 2A, Supplementary Figure
S2, and Supplementary Table S1). Although vincristine is
not administered by subcutaneous injection clinically, this
route achieves high local concentrations at peripheral nerve
endings, and has provided considerable insight into the
pathophysiological mechanisms of other chemotherapy-induced
neuropathies (Deuis et al., 2013, 2014). Interestingly, unilateral
intraplantar administration of vincristine, at the highest dose
tested (i.pl., 10 µg), also elicited a more slowly developing
mechanical allodynia in the contralateral paw (Figure 2A and
Supplementary Figure S1), consistent with s.c. administration of
vincristine eliciting systemic effects similar to i.p. administration.
Similar contralateral effects were also observed with 1 µg (i.pl.)
vincristine, but not with 100 ng (i.pl.) or lower doses (data not
shown). No changes of the thermal threshold, paw swelling, or
gait parameters of the contralateral hind paw were observed
(data not shown).
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Vincristine-treated patients regularly develop a loss of sensory
discrimination including difficulties to discriminate between
hot and cold temperatures (Barton et al., 2011). We therefore
assessed if our model replicates this symptom and found that
administration of vincristine indeed caused dose-dependent
thermal hypoalgesia that was only apparent at higher vincristine
doses (10 µg and 1 µg i.pl.; Figure 2B, Supplementary Figure S2,
and Supplementary Table S2), while administration of the lower
dose (100 ng i.pl.) caused a small increase in thermal threshold
that was only significant at day 9. Only minor, non-significant
decreases in heat thresholds were observed at vincristine doses
<10 ng (Supplementary Figure S2, and Supplementary Table
S2), and thus overall, vincristine caused thermal hypoalgesia with
an ED50 of 470 ng based on the area under the curve over baseline
for each vincristine dose. The intraperitoneal administration of
vincristine caused a small, non-significant decrease in thermal
threshold on day 7, 9, and 11 compared with vehicle (Figure 2B,
Supplementary Figure S2, and Supplementary Table S2).

A striking dose-dependent inflammatory response, evidenced
by local redness and swelling of the injected paw, was visible
within 30 min after intraplantar injection of doses as low as 1 ng,
but not after i.pl. injection of vehicle (5% glucose) (Figure 2C,
Supplementary Figure S2, and Supplementary Table S3). The
intraperitoneal injection of vincristine or PBS did not cause any
changes of paw thickness at any measured time point (Figure 2C
and Supplementary Table S3).

Vincristine-induced motor neuropathy manifests in patients
as a foot drop, gait abnormalities and cramps (Mora et al.,
2016). We thus performed gait analysis using the CatwalkXT
platform (Noldus Information Technology, Netherlands). The
weight bearing parameter (print area) of animals receiving the
highest dose (i.pl., 10 µg) of vincristine showed significant
(∗p < 0.05) differences when compared to vehicle-treated (i.pl.,
5% glucose) animals from day 4, with slow apparent recovery on
day 25 (Figure 2D and Supplementary Table S4). A significant,
though less pronounced, change of print area (day 7, 9, 11,
and 25) was observed with 1 µg vincristine (i.pl.), while
neither 100 ng (i.pl.) nor glucose (i.pl.) caused significant gait
changes. The intraperitoneal injection of vincristine or PBS
did not cause any changes in weight bearing (Figure 2D and
Supplementary Table S4).

Histopathological Evaluation Reveals
Local Infiltration of Leukocytes After
Vincristine Treatment
In light of the apparent inflammatory effects of vincristine,
we next sought to examine the histopathological changes after
vincristine administration using hematoxylin and eosin (H&E)
staining. Controls receiving intraplantar 5% glucose injections
had minimal morphologic changes. Low-dose of vincristine (i.pl.,
100 ng) caused mild muscular and subcutaneous edema and
a mild neutrophilic perivascular infiltrate at 24 h although
the nerve, bone, skin, and vasculature were morphologically
normal (Figure 3A and Supplementary Table S5). These changes
remained similar at 7 days, with moderate subcutaneous and
muscular edema, some subjective nerve vacuolation, a mild

leukocytic infiltrate and minimal fibroblast reaction apparent
(Figure 3B and Supplementary Table S5).

The most severe morphological changes in the paw tissue were
noted in animals treated with the highest dose (i.pl., 10 µg)
of vincristine (Figures 3A,B and Supplementary Table S5),
consistent with the vesicant effects of vincristine observed
after extravasation (Figure 2C; Ener et al., 2004). At 24 h
post-injection, we observed minimal histopathological changes,
including mild muscular and subcutaneous edema, some minor
nerve vacuolization in a focal area of peripheral nerve and
a mild perivascular leukocytic infiltration (likely neutrophils)
(Figure 3A and Supplementary Table S5). The morphology
worsened at day 7 to regionally extensive, full thickness
epidermal necrosis with marked edema of the underlying soft
tissues (dermal collagen, muscle, and nerve bundles). The
dermis contained a moderate infiltrate of leukocytes, including
macrophages and neutrophils as well as rare lymphocytes
(Figure 2C). Furthermore, there was expansion of the peripheral
nerve bundles in the paw pad by clear fluid (edema) and a finely
feathered vacuolization of the myelin sheaths (Figure 3B and
Supplementary Table S5).

The systemic delivery of vincristine caused, at 24 h and
7 days, only minimal morphologic changes related to tissue
processing (Supplementary Table S5). Sciatic nerves and DRGs
examination did not show any visible morphological changes at
any dose (data not shown).

Minocycline Prevents
Vincristine-Induced Mechanical
Allodynia and Hind Paw Inflammation
In light of the inflammatory changes induced by vincristine,
we next sought to elucidate whether these processes contribute
to the symptoms of VIPN. Neuro-immune mechanisms have
previously been implicated in the development of paclitaxel-
induced neuropathy, which was prevented by treatment with
minocycline (Boyette-Davis et al., 2011). We thus sought
to assess the effects of minocycline on the development of
vincristine-induced mechanical allodynia and inflammation
using both models of VIPN.

Co-treatment with minocycline (i.p., 25 mg/kg) significantly
diminished mechanical hypersensitivity from day 2 of local and
from day 1 of systemic vincristine treatment (Figures 4A,B).
Similarly, paw swelling following i.pl. administration of
vincristine (100 ng) was significantly decreased at 3 h and on day
2 (Figure 4C). There was no significant effect of minocycline
treatment on changes in thermal threshold (data not shown).

Minocycline has previously been suggested to exert its
anti-inflammatory actions via modulation of TLR4 expression
(Nazemi et al., 2015). Thus, to further confirm whether
TLR4 signaling contributes to the development of mechanical
hypersensitivity and paw swelling following local vincristine
administration, we also assessed the development of VIPN in
Tlr4−/− mice. Similar to treatment with minocycline, paw
withdrawal thresholds were significantly increased (∗p < 0.05)
in Tlr4−/− mice on day two of local vincristine treatment
(Figure 4D) compared to wild type (C57BL/6J) animals.
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FIGURE 3 | Local vincristine administration leads to infiltration of leukocytes.
Representative pictures (H&E staining) showing histopathological changes of
the epidermis, dermis, hypodermis and adjacent areas of the plantar glabrous
skin of the injected hind paw after administration of vincristine (i.pl.,10 µg or
100 ng vincristine) or vehicle (i.pl., 5% glucose) after 24 h (A) or 7 days (B).
Injections were performed as indicated in Figure 1. Magnification 200 x; scale
bar (100 µm). Black arrow, leukocytes; open arrow, arteriolar necrosis; green
arrow, edema; blue arrow, dermal necrosis; double arrow, nerve vacuolization.

Similarly, paw swelling was significantly decreased (∗p < 0.05)
in Tlr4−/− mice at 3 h and 4 days of local vincristine
treatment (Figure 4E). In contrast, treatment with the anti-
inflammatory meloxicam (5 mg/kg i.p.) had no effect on
vincristine-induced neuropathy, while the analgesic gabapentin
reversed pain behaviors at high dose (100 mg/kg i.p.) (Figure 4F).
These data support a TLR4-mediated inflammatory process after
both local and systemic vincristine administration resulting in
development of neuropathic pain.

Consistent with the reduced paw swelling of animals treated
with vincristine (i.pl., 100 ng) and co-treated with minocycline
(i.p., 25 mg/kg) (Figure 4C), we observed a reduced perivascular
infiltrate and reduced fibroblast reaction after 7 days of treatment
when compared to control group receiving vincristine (i.pl.
100 ng) and PBS (Figures 5A,B). Additionally, we observed
minimal reduction in subcutaneous and muscular edema with
absence of epidermal and vascular necrosis. Similarly, Tlr4−/−

animals treated with vincristine (i.pl., 100 ng) for 7 days
showed reduced leukocytic perivascular infiltrate with minimal
subcutaneous edema (Figure 5C) when compared to control
group receiving vincristine (C57BL6/J, i.pl., 100 ng).

DISCUSSION

Since the approval of Oncovin by the US FDA in 1963, vincristine
has been one of the most important antineoplastics for the
treatment of several common cancer types, including a range

FIGURE 4 | Minocycline prevents the development of vincristine-induced
mechanical allodynia in multiple mouse models. (A,B) Minocycline (i.p.,
25 mg/kg) prevented the development of mechanical hypersensitivity following
local [i.pl., 100 ng; (A)] and systemic [i.p., 0.5 mg/kg; (B)] administration of
vincristine (PWT: paw withdrawal threshold). (C) Treatment with minocycline
(i.p., 25 mg/kg) had a small but significant (∗p < 0.05) effect on paw swelling
following administration of vincristine (100 ng, i.pl.). (D) The
vincristine-induced decrease in paw withdrawal threshold (i.pl., 100 ng) was
significantly increased (∗p < 0.05 compared with wild-type controls) in Tlr4-/-

animals at day 2. (E) Vincristine-induced paw swelling (i.pl., 100 ng) was
significantly decreased (∗p < 0.05 compared with wild-type controls) in Tlr4-/-

animals at 3 h and day 4. Dotted line represents baseline values. Minocycline
was administered as described in Figure 1. (F) Treatment with gabapentin
(100 mg/kg i.p.) but not the anti-inflammatory meloxicam (5 mg/kg i.p.)
reversed mechanical allodynia elicited by local administration of vincristine
(100 ng, i.pl.) #p < 0.05 compared with baseline; n.s., p > 0.05 compared
with vehicle. All data are shown as mean ± SEM; n = 6 for all groups (3
females and 3 males) (∗p < 0.05 compared with vehicle). Statistical
significance was determined using two-way ANOVA with Tukey’s multiple
comparisons test.

of brain tumors. However, like many antineoplastics, vincristine
causes severe side effects in many patients, of which peripheral
neuropathy often drastically reduce quality of life (Sands et al.,
2017). In addition, the progressive peripheral sensorimotor
neuropathy caused by vincristine can be treatment limiting
and presents a challenge to clinicians as dose reductions or
cessation of therapy are the only available effective management
options (Postma et al., 1993; Mora et al., 2016). Thus, a better
understanding of the pathophysiological mechanisms involved in
the development of VIPN is urgently needed.

Vincristine is known to exert direct effects on sensory
neurons, with axonal degeneration preceding pathological
changes at the cell body (Ravula et al., 2007). Accordingly,
to delineate the peripheral mechanisms of VIPN, we assessed
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FIGURE 5 | Minocycline prevents infiltration of leukocytes following local administration of vincristine. Representative pictures (H&E staining) showing
histopathological changes of the epidermis, dermis, hypodermis, and adjacent areas of the plantar glabrous skin of the injected hind paw after administration of
vincristine (i.pl., 100 ng vincristine) and PBS (A) or co-treatment with minocycline (i.p., 25 mg/kg) (B) in C57BL/6J mice or Tlr4−/− mice (C) treated with vincristine
only (i.pl., 100 ng) after 7 days. Injections were performed as indicated in Figure 1. Magnification 200×; scale bar (100 µm). Black arrow, leukocytes; green arrow,
edema.

the pathophysiological effects induced by local intraplantar
injection of vincristine. This approach has already provided
significant insight into the mechanisms underlying oxaliplatin-
and cisplatin-induced neuropathy (Deuis et al., 2013, 2014), and
we thus reasoned that a combination of behavioral experiments
with histological examination after vincristine treatment would
enable the identification of novel therapeutic targets for
treatment of VIPN.

Notably, in addition to mechanical hypersensitivity,
which also occurs in conventional models of VIPN based
on intraperitoneal injection of vincristine, local vincristine
administration elicited several symptoms that are common in
human patients, including hypoesthesia to both mechanical
and heat stimuli as well as gait abnormalities, and signs
of inflammation. Similar to humans, the development of
these symptoms was dependent on the cumulative dose
of vincristine, and was partially reversible. Thus, i.pl.
administration of vincristine may be a more suitable model
to assess the efficacy of novel therapies and management
strategies aimed at improving positive as well as negative
symptoms of VIPN. Importantly, the mechanisms leading
to VIPN appear to be conserved across the different routes
of administration, with both i.p and i.pl. administration
leading to mechanical allodynia that is caused by an
inflammatory neuropathy.

The effective concentration achieved in tissue, specifically
at peripheral nerve terminals, after systemic dosing is
unknown. However, the observation that the contralateral
paw develops mechanical allodynia after i.pl. injection of
the highest doses suggests that the spectrum of symptoms
observed in this model is simply a reflection of higher
local concentrations, rather than mechanistic differences
in pathophysiology. Additionally, the effects seen on the
contralateral side may be due to central sensitization of neurons
in the spinal cord leading to neuronal hyper-excitability
affecting the contralateral paw. Accordingly, allodynia,
hypoesthesia, and gait disturbances appear to represent a
continuum of pharmacological effects that cannot be achieved
through systemic dosing without serious adverse effects.

Thus, although i.pl., s.c. or i.p. injection are not routes of
administration used in patients, experimental models based
on these nonetheless provide important insights into the
pathophysiological mechanisms of chemotherapy-induced
neuropathy. In the case of vincristine, peripheral extravasation
causes vesicant effects, including pain, local swelling, and
ulceration in severe cases (Sauerland et al., 2006). Treatment
options for extravasation of vincristine include flushing of
the injection site as well as treatment with hyaluronidase,
which is intended to facilitate dispersal of the drug (Bertelli
et al., 1994). Intriguingly, our results suggest that the
mechanisms leading to the vesicant effects of vincristine
after local administration overlap with the mechanisms leading
to VIPN, albeit extravasation leads to extremely high local
drug concentrations.

Vincristine binds to β-tubulin (Lobert et al., 1996) and
disrupts the function of microtubules, which are not only
important during mitosis but also a critical component of
neuronal axons. Accordingly, it has been proposed that
altered axonal transport causes the progressive sensory-
motor neuropathy observed in vincristine-treated patients.
However, not all vinca alkaloids cause the same degree of
neuropathy, suggesting that alternate pathways may contribute
to the pathophysiology of VIPN. Indeed, several studies have
implicated inflammatory processes, including the infiltration
of macrophages and monocytes to sciatic nerve and dorsal
root ganglions (Kiguchi et al., 2009; Old et al., 2014), and
release of the cytokines TNF and IL6 (Wang et al., 2012) in the
pathophysiology of VIPN.

Consistent with these studies, we observed striking
infiltration of immune cells, in particular leukocytes, 24 h
after vincristine injection. The precise mechanisms leading
to activation of the innate immune system by vincristine
remain unclear. One plausible explanation is that cytotoxic
effects of vincristine lead to the release of cellular contents,
such as ATP, which in turn causes activation of immune cells.
Alternatively, vincristine may directly act on immune cells
through yet unknown mechanisms. Indeed, the related vinca
alkaloid vinorelbine induces production of several cytokines,
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including IL1ß, IL-6, and IL-12, in cultured dendritic cells and
augments stimulation of T-cells without causing overt cell death
(Tanaka et al., 2009).

Interestingly, we saw few histopathological neuronal changes
apart from an expansion of the peripheral nerve bundle,
and finely feathered vacuolization of the myelin sheaths
at the highest (i.pl., 10 µg) vincristine dose. In contrast,
mechanical hyperalgesia and immune cell infiltration occurred
at considerably lower doses and developed comparatively
rapidly, suggesting that positive symptoms of VIPN arise
from altered neuronal excitability, possibly due to the well-
known action of pro-inflammatory cytokines on sensory
neurons (Junger and Sorkin, 2000; Binshtok et al., 2008).
For example, exposure of DRG neurons to TNF in vitro
and in vivo increases excitability and produces ectopic
firing, while IL-1β acts directly on sensory neurons and
enhances excitability of nociceptors through modulation
of voltage-gated sodium currents (Binshtok et al., 2008).
Additionally, vincristine has been shown to induce release
of IL-6 in peripheral macrophages (Kiguchi et al., 2008b)
and TNF by microglia and astrocytes in the spinal cord of
vincristine-treated mice (Kiguchi et al., 2008a). Additionally,
chemotherapy agents were shown to have profound
inflammatory effects on keratinocytes possibly leading to
release of inflammatory mediators (Johnson et al., 1987).
An immune-driven pathology is further supported by the
anti-allodynic effects observed in Tlr4−/− animals, and
after treatment with minocycline. Additionally, the use
of TLR4 receptor inhibitors, such as TAK-242, provides
further possibilities for the treatment of VIPN, however, those
effects should be investigated in future experimental and
clinical studies.

Interestingly, neuro-immune mechanisms have previously
been implicated in the development of paclitaxel-induced
neuropathy and intra-epidermal nerve fiber loss, which
was prevented by treatment with minocycline (Boyette-
Davis et al., 2011). Minocycline is commonly used as a
prototypical inhibitor of peripheral immune cells and microglia
(Kobayashi et al., 2013) and has been shown to inhibit the
production of proinflammatory molecules in monocytes
and microglia (Nikodemova et al., 2007; Pang et al., 2012).
Consistent with the inflammatory signature revealed by
histological examination after treatment with vincristine,
minocycline significantly reduced paw swelling, mechanical
hypersensitivity, and minimized leukocytic perivascular
infiltration. It is currently unclear whether treatment with
minocycline could reverse signs of VIPN that have already
developed. However, as chemotherapy treatment is a planned
event, anti-inflammatory pre-treatment would be possible
in clinical practice. While the anti-inflammatory and anti-
apoptotic targets of minocycline remain unknown, this
antibiotic has been shown to modulate the activation of
microglia and immune cells as well as the release of cytokines,
chemokines, and nitric oxide (Sun et al., 2015; Amini-Khoei
et al., 2018; Verma et al., 2018). In addition, minocycline
decreased the expression levels of Tlr4 in microglia in a
model of chronic constriction injury, and several studies have

reported that minocycline-induced effects are replicated
by inhibition or knockdown of the Tlr4 gene (Nazemi
et al., 2015; Yan et al., 2015). Involvement of Tlr4 signaling
pathways was also implicated in the pathophysiology of
vincristine-induced neuropathy based on transcriptomic
studies assessing gene expression changes in dorsal root
ganglion neurons (GEO ref. GSE125003). Consistent with
these data, hind paw sensitivity, paw swelling and leukocytic
perivascular infiltrate were also reversed in Tlr4−/− animals,
suggesting that minocycline acts on a common signaling
pathway. In contrast, the simple anti-inflammatory cyclo-
oxygenase inhibitor meloxicam was ineffective at reversing
vincristine-induced inflammation and neuropathic symptoms,
confirming that neuro-inflammatory mechanisms underlying
VIPN differ from other types of inflammatory pain [e.g.,
burns-induced pain (Yin et al., 2016)] that are effectively
treated by meloxicam.

In a previous study reporting lack of efficacy of minocycline
using a rat model of VIPN, the drug was administered
by the intrathecal route (Ji et al., 2013). In light of the
significant peripheral inflammation we observed, which was
paralleled by development of neuropathic symptoms, these
data suggest that peripheral inflammatory mechanisms are key
drivers of VIPN.

As minocycline is a readily available approved drug with
a well-defined adverse event profile, it may be suitable
to treat some of the symptoms of VIPN, including pain
and swelling arising from local extravasation, and could
provide immediate benefit to patients. Moreover, further
investigation into the contribution of the TLR4 signaling
pathway to the development of mechanical hyperalgesia
may provide an opportunity for the development of
novel analgesics.

In summary, we demonstrated that local injection of
vincristine causes swelling and redness of the injected paw as
well as a strong dose-dependent infiltration of immune cells to
the site of injection. Consistent with the neuro-inflammatory
signature, mechanical allodynia was decreased in mice lacking
Tlr4, as well as in mice treated with minocycline. Our data thus
provide evidence that the innate immune system contributes
to the development of VIPN and suggests that Tlr4 may
be a novel target for the treatment of vincristine-induced
painful hyperesthesia.
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The high incidence of osteoarthritis (OA) in an increasingly elderly population anticipates a 
dramatic rise in the number of people suffering from this disease in the near future. Because 
pain is the main reason patients seek medical help, effective pain management—which is 
currently lacking—is paramount to improve the quality of life that OA sufferers desperately 
seek. Good animal models are, in this day and age, fundamental tools for basic research 
of new therapeutic pathways. Several animal models of OA have been characterized, 
but none of them reproduces entirely all symptoms of the disease. Choosing between 
different animal models depends largely on which aspect of OA one aims to study. Here, 
we review the current understanding of the monoiodoacetate (MIA) model of OA. MIA 
injection in the knee joint leads to the progressive disruption of cartilage, which, in turn, 
is associated with the development of pain-like behavior. There are several reasons why 
the MIA model of OA seems to be the most adequate to study the pharmacological effect 
of new drugs in pain associated with OA. First, the pathological changes induced by MIA 
share many common traits with those observed in human OA (Van Der Kraan et al., 1989; 
Guingamp et al., 1997; Guzman et al., 2003), including loss of cartilage and alterations in 
the subchondral bone. The model has been extensively utilized in basic research, which 
means that the time course of pain-related behaviors and histopathological changes, as 
well as pharmacological profile, namely of commonly used pain-reducing drugs, is now 
moderately understood. Also, the severity of the progression of pathological changes can 
be controlled by grading the concentration of MIA administered. Further, in contrast with 
other OA models, MIA offers a rapid induction of pain-related phenotypes, with the cost-
saving consequence in new drug screening. This model, therefore, may be more predictive 
of clinical efficacy of novel pharmacological tools than other chronic or acute OA models.

Keywords: monoiodoacetate, osteoarthritis pain, animal models of pain, pharmacology of osteoarthritis, cartilage

INTRODUCTION

The Textbook of Rheumatology defines osteoarthritis (OA) as a “slowly progressive monoarticular 
[ … ] disorder of unknown cause and obscure pathogenesis” affecting primarily the hands and 
weight-bearing joints such as hips and knees (Firestein et al., 2016). It is defined clinically by joint 
pain, deformity, and loss of function and pathologically by articular cartilage loss and remodeling of 
the subchondral bone. With the advent of better imaging techniques, synovitis is being increasingly 
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recognized as being present in a considerable proportion of cases 
(Sokolove and Lepus, 2013; Xie et al., 2019). OA is the most common 
form of arthritis or degenerative joint disease; affecting millions of 
people (Bijlsma et al., 2011), with the World Health Organization 
estimating that, globally, up to 10% of people over the age of 60 
years is affected by some form of OA (Hunter et al., 2014). There is 
currently no cure for the disease, with currently available treatment 
focusing on temporary symptomatic pain relief and alleviating 
inflammation, often leaving patients with considerable pain and 
functional disability. Paracetamol, non-steroidal anti-inflammatory 
drugs (NSAIDs), and steroids are the most prescribed pain 
therapies (Lee et al., 2004). Patients that do not respond to NSAIDs 
are candidates for opioid therapy. These therapeutic options come, 
however, with severe side effects: prolonged NSAID use can 
lead to gastrointestinal bleeding and renal toxicity and increase 
cardiovascular risks, and opioids are associated with constipation 
and potential for addiction (Maniar et al., 2018). For patients with 
end-stage OA, surgical joint replacement is required (Hunter and 
Felson, 2006). Pain management in OA continues to be one of the 
main focuses of research because pain is the main reason why OA 
patients seek medical care. However, there is currently no drug 
that can fully treat OA-related pain; a better understanding of the 
pathophysiological mechanisms in play in OA is crucial if we are to 
deliver better treatment options to these patients.

ANIMAL MODELS OF OA PAIN: SURGICAL 
AND CHEMICAL MODELS

To study OA in the laboratory setting, several animal models 
have been developed over the last decades that contributed 
to a better understanding of the pathological mechanisms 
behind the disease. There are obvious limitations with these 
models, particularly those related to differences in anatomy, 
gait, and cartilage characteristics compared to human joints. 
The models only mimic parts or stages of the disease, with 
no model completely reproducing human OA complexity. 
Despite this, the use of animal models allows the study 
of the disease within controlled environment parameters 
and tissue collection at different time points of the model 
(Lampropoulou-Adamidou et al., 2014). We can divide OA 
animal models into two large groups—spontaneous models 
and induced models. Spontaneous models develop slowly but 
are pathophysiologically closest to human OA. However, due 
to the spontaneous nature of these models, it is challenging 
to find appropriate age-matched controls for pharmacological 
studies. Further, they are time- and money-consuming to 
produce and have a high maintenance cost.

In the second group—induced models—there are chemically 
and/or surgically induced animal models of OA. Surgical models 
include damage to the anterior cruciate ligament and partial 
or complete menisectomy. These models have been validated 
in many species and consist of induced lesions similar to those 
observed in humans; therefore, it is expected that the disease will 
progress in a similar way to the progression of post-traumatic 
human OA. Some more aggressive surgical models are, however, 
not appropriate to study the effect of drugs targeting pain, 

because of the rapid progression of cartilage degeneration and 
slow and inconsistent development of pain-related behavior. 
Additionally, surgical models are often technically challenging. 
Nevertheless, surgical models have been used with great success, 
as seen in recent studies that looked at the pain mechanism in 
OA (Mapp et al., 2013; Nwosu et al., 2016; Ashraf et al., 2018).

Chemically induced OA models, on the other hand, 
require much less intervention, consisting, normally, of 
a single intra-articular injection of substances, such as 
monoiodoacetate (MIA), papain, or mucilage, that can 
target different components of the joint (Lampropoulou-
Adamidou et al., 2014; Micheli et al., 2019). Because of their 
artificial onset, these models do not recapitulate the natural 
onset of the human disease but have, nevertheless, found 
pre-clinical value, namely because they originate robust and 
reproducible pain phenotypes, making them particularly 
adequate to test the efficacy of new pharmacological agents 
to treat OA pain (Bove et al., 2003; Micheli et al., 2019). In 
addition, chemically induced models are easy to implement 
and require less invasive procedures than surgically induced 
models. Further, because of the fast onset of development of 
the pain phenotype—which can be controlled by controlling 
the dosage of the substances injected—they are much less 
expensive than spontaneous models. Of all OA models, the 
MIA model is the most often used, being commonly chosen 
to study the efficacy of pharmacological agents to treat pain 
(Bove et al., 2003; Fernihough et al., 2004).

THE MONOIODOACETATE MODEL

MIA intra-articular injection results in histopathological 
alterations and functional impairment similar to some of the 
features observed in the early phases of human OA. MIA is an 
inhibitor of glyceraldehyde-3-phosphate, disrupting cellular 
glycolysis, which in turn leads to eventual cell death (Sabri and 
Ochs, 1971; Van Der Kraan et al., 1989). Because the site of 
injection is restricted to the joint space, intra-articular injection 
of MIA causes mainly chondrocyte cell death, leading to cartilage 
degeneration and subsequent subchondral bone alterations 
(Guingamp et al., 1997; Janusz et al., 2001). Although MIA can 
potentially affect different types of cells in the joint, the avascular 
nature of cartilage makes chondrocytes particularly vulnerable 
(Dunham et al., 1992; Guzman et al., 2003). While the method 
of induction is not technically challenging, MIA is highly toxic if 
it enters the circulation, quickly resulting in the animal’s death, 
so care should be taken not to pierce the joint capsule during the 
injection, so as to prevent MIA from leaking outside of the joint.

PATHOPHYSIOLOGY OF MIA

Joint
Structurally, as early as 1 day after MIA injection, alterations to 
the surrounding synovium and articular cartilage have been 
described (Figure 1) (Bove et al., 2003; Guzman et al., 2003;  
Orita et al., 2011). Chondrocytes are shrunken with fragmented 
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nuclei, and some areas of chondrocyte degeneration are present 1 to 
3 days post-injection. The early stage of the model’s progression is 
characterized by signs of inflammation such as synovial membrane 
expansion and infiltration of macrophages, neutrophils, mast cells, 
lymphocytes, and plasma cells, but they normally subside at day 
7 (Figure 1) (Sousa-Valente et al., 2018). In accordance, human 
OA is also associated with synovitis, characterized by increased 
infiltration of macrophages and other immune cell types (Hill 
et al., 2007; Scanzello and Goldring, 2012) as well as elevation 
of cytokine levels in synovial OA samples (Smith et al., 1997). 
Proximal structures such as the meniscus and ligaments also show 
signs of inflammation. In accordance, after MIA injection, an 
elevation of pro-inflammatory mediators such as Tumor Necrosis 
Factor-α (TNF-α) and Interleukin 6 (IL-6) is observed, typically 
peaking at day 4 (Orita et al., 2011). Clinically used NSAIDs given 
locally can reduce MIA-induced pain as well as MIA-induced C- 
and A-fiber spontaneous activity (Schuelert and Mcdougall, 2009; 
Kelly et al., 2012). Later stages of the disease (after day 10–14) are 
characterized by progressive cartilage degradation and remodeling 
of subchondral bone. Fourteen days post-injection, areas of full-
thickness cartilage damage have been characterized. Formation of 
osteoclasts has also been described (Guzman et al., 2003). There is 
also evidence of osteochondral angiogenesis and vascularization 
(Walsh et al., 2010; Ashraf et al., 2011). Recently, it was also shown 

that superoxide dismutase mimetic compound MnIIMe2DO2A 
can reduce pain sensitivity and TNF-alpha serum levels in an MIA 
ankle model, suggesting a role of oxygen reactive species in the late 
stage of the model (Di Cesare Mannelli et al., 2013).

Primary Sensory Afferents
The knee joint is innervated by primary sensory neurons (PSNs). 
Because cartilage is aneural, mechanisms independent of cartilage 
loss participate in mediating the initial pain in this model. 
However, in later stages, sensory nerves have been described to 
grow into the cartilage, along with new blood vessels (Ashraf et al., 
2011). Nerve fibers detecting bone marrow lesions and edema have 
been shown to contribute to OA pain (Schaible and Grubb, 1993). 
PSN afferents can become sensitized by agents such as histamine 
or cytokines, underlying spontaneous pain, hyperalgesia, and 
allodynia following intra-articular MIA injection (Woolf and Ma, 
2007). In accordance, MIA induces a concentration-dependent 
increase of afferent responses to mechanical stimulation 
(Schuelert and Mcdougall, 2009). Joint cells such as synoviocytes, 
inflammatory cells, or chondrocytes produce chemokines,  
cytokines, and proteases, which can sensitize PSN afferents 
(Schaible et al., 2009). Li et al. have demonstrated that when dorsal 
root ganglia neurons are co-cultured with synovial fluid from OA 

FIGURE 1 | Histopathological progression in the monosodium iodoacetate model of osteoarthritis. Top plane: Representative sections at different time points 
post–MIA injection (1 mg/mouse) stained with toluidine blue/purple, with femoral condyle at the top and tibial plateau at the bottom. (Left) Vehicle-injected joint 
with full-depth normal cartilage and normal subchondral bone structure. (Middle) Eleven days after MIA injection, visible focal cartilage damage and loss of 
proteoglycan staining (arrows) in both femoral and tibial condyles. (Right) Twenty-eight days after MIA injection, marked thinning of the whole articular surface, loss 
of proteoglycan staining, and restructuring of subchondral bone. Bottom plane: Representative sections at different time points post–MIA injection (1 mg/mouse) 
stained with hematoxylin and eosin. (Left) Vehicle-injected joint with normal synovium and few inflammatory cells visible. (Middle) At 11 days, there are obvious signs 
of inflammation: the synovial membrane is expanded, with a significantly increased density of inflammatory cells. (Right) At 28 days, inflammation is reduced, with a 
significant decrease in synovial size, but a dense cellularity is still observable. Scale bar = 100 µm.
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patients, there is a clear elevation of genes associated with neuronal 
pathways (e.g., Substance P (SP), Neurokinin (NK1), Neurokinin 
(NK2), Neuropeptide y receptor (NPYR1), Neuropeptide y receptor 
(NPYR2), α2δ1) or inflammation Cyclooxygenase 2 (COX2)/
Prostaglandin-endoperoxide synthase 2 (PTGS2) and IL-6/
interferon β2), suggesting that blocking inflammation can be a way 
of modulating OA pain (Li et al., 2011). Knee joints of both human 
and rodents are highly innervated by peptidergic afferents, i.e., they 
contain the peptides substance P and/or calcitonin gene-related 
peptide (CGRP) (Saito and Koshino, 2000; Sousa-Valente and 
Brain, 2018), and the number of CGRP-positive fibers in the joint is 
increased in the OA joint (Sousa-Valente et al., 2018), a feature also 
observed in human hip OA (Saxler et al., 2007). Consistently, there is 
an increase of CGRP content in the cell bodies of PSNs innervating 
the joint as well as an increase of CGRP release from the central 
terminals of PSNs (Fernihough et al., 2005; Ferreira-Gomes et al., 
2010; Sousa-Valente et al., 2018). Further, peripheral blockade of 
CGRP receptors by inhibitor BIBN4096BS alleviates MIA-induced 
weight-bearing deficits (Hirsch et al., 2013). Nerve growth factor 
(NGF), which is an important trophic factor, is increased in OA 
joints (Iannone et al., 2002; Manni et al., 2003), and pre-treatment 
with anti-NGF antibodies prevented the development of mechanical 
hypersensitivity in MIA-treated mice (Xu et al., 2016; Sousa-Valente 
et al., 2018). Indeed, anti-NGF therapies have shown promising 
analgesic potential for OA pain treatment, with NGF antibodies 
showing efficacy for pain relief (Lane et al., 2010). Interestingly, 
NGF released from cells in the joint can increase CGRP and SP 
expression in Tropomyosin receptor kinase A (TrkA)-expressing 
neurons (Malcangio et al., 1997), potentially linking the roles of 
CGRP and NGF in OA pain (Malcangio et al., 1997; Ogbonna et al., 
2013; Sousa-Valente et al., 2018).

Spinal Cord
Primary afferent fibers of the knee joint project to several spinal 
cord segments and terminate in both the superficial and deeper 
laminae, where they synapse with dorsal horn neurons (Woolf 
and Ma, 2007). Pathological changes in the joint cause these 
dorsal horn neurons to become hyperexcitable (Neugebauer et al., 
1993), reducing their thresholds and enhancing their responses 
to knee stimulation. Further, sensitized dorsal horn neurons 
expand their receptive fields, a mechanism that underlies the 
spread of hypersensitivity from the knee joint to adjacent areas. 
In accordance, MIA facilitates the responses of wide-dynamic-
range (WDR) neurons to noxious and non-noxious stimulation 
(Chu et al., 2011). Further, MIA-induced increase in dorsal horn 
Fos immunoreactivity—a marker of neuronal activation—at both 
7 and 28 days post–MIA injection correlates with behavioral 
outcomes (Sousa-Valente et al., 2018). MIA-induced pain is also 
associated with increased phosphorylation of mitogen-activated 
protein kinases (MAPK) in the dorsal horn of the spinal cord, 
and MAPK1 inhibitor PD98059 blocked both MIA-induced pain 
behavior and phosphorilated extracellular signal-regulated kinases 
1/2 (pERK1/2) induction in the spinal cord (Lee et al., 2011). 
The transient receptor potential vanilloid type 1 ion channel 
(TRPV1) is a polymodal transducer receptor expressed on a 
subset of PSNs that responds to various stimuli such as noxious 

heat, protons, and molecules such as capsaicin. It plays a crucial 
role in the development of burning pain and reflex hyperactivity 
across several models of pathological pain, including OA pain, 
where TRPV1 expression is elevated (Fernihough et al., 2005; 
Nagy et al., 2014). Interestingly, TRPV1 activation modulates 
the firing of spinal nociceptive neurons in the MIA model, and 
blocking TRPV1 prevented spontaneous firing of WDR neurons 
(Chu et al., 2011). This mechanism involves the release of CGRP 
into the dorsal horn of the spinal cord (Puttfarcken et al., 2010), 
and consistently, intrathecal administration of CGRP antagonist 
CGRP8-37 ameliorates MIA-induced mechanical allodynia 
(Ogbonna et al., 2013). Another important player modulating the 
afferent input into the dorsal horn is the endocannabinoid system, 
with various components of the system being elevated in the spinal 
cord of MIA-treated animals and anandamide catabolism blockade 
using Fatty acid amide hydrolase (FAAH) inhibitor URB597 
having inhibitory effects in MIA-induced mechanically evoked 
responses of WDR neurons (Sagar et al., 2010). Interestingly, 
endocannabinoid regulation of OA pain happens at multiple 
levels in the neuroaxis; in MIA-treated joints, local administration 
of Cannabinoid receptor  1 (CB1) receptor agonist Arachidonyl-
2'-chloroethylamide (ACEA) reduces the mechanosensitivity 
of afferent nerve fibers. This effect is reduced by blocking either 
Cannabinoid receptor 1 (CB1) receptor or TRPV1, suggesting that 
both receptors crosstalk in cannabinoid-mediated antinociception 
(Schuelert and Mcdougall, 2008; Chen et al., 2016).

After MIA injection, a microglial response (microgliosis) in 
the ipsilateral dorsal horn, as well as microglia activation (p-p38 
immunoreactivity), has been reported (Lee et al., 2011; Sagar 
et al., 2011; Sousa-Valente et al., 2018). Attenuation of microglial 
activation, via administration of glial inhibitor minocycline, is 
correlated with reduced pain behaviors in the MIA model (Sagar 
et al., 2011). In contrast with the established role of microglia 
activation and proliferation in the development of the MIA model 
of OA, the participation of astrocytosis is less clear, with some 
studies reporting a lack of astrocyte response (Lee et al., 2011; 
Ogbonna et al., 2013), while others studies report an increase of 
Glial fibrillary acidic protein (GFAP) immunoreactivity (Sagar 
et al., 2014; Lin et al., 2017).

NEUROPATHIC COMPONENT

OA patients commonly complain of referred pain, i.e., pain in areas 
adjacent to the affected joint (Bajaj et al., 2001; Khan et al., 2004) 
and in a subset of OA patients who continue to feel pain even after a 
technically successful joint replacements (Lundblad et al., 2008). Both 
circumstances suggest the existence of a neuropathic component to 
OA pain, given that the pain arises in areas outside the injury site or 
after the peripheral nociceptive input has been removed altogether. 
In animal models, there are also signs of a neuropathic component; 
the aforementioned microglial activation observed during the 
development of the MIA model is often observed in different models 
of peripheral nerve damage. Further, expression of the peripheral 
nerve damage marker AMP-dependent transcription factor  
(ATF-3) in the Dorsal root ganglion (DRG) has been described in 
the MIA model (Ferreira-Gomes et al., 2012; Thakur et al., 2012). 
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Pharmacologically speaking, gabapentin has been shown to have an 
analgesic effect in the late phase of the model, when NSAIDs appear 
to lose efficacy (Fernihough et al., 2004; Ivanavicius et al., 2007).

BEHAVIOR PROFILE OF MIA

In addition to structural changes, MIA-induced pain-related 
behavior has been characterized. Pain assessment in animals is 
challenging. Commonly used assays such as the von Frey test or the 
dynamic plantar aesthesiometer are used to measure alterations of 
nociceptive mechanical thresholds in the hind paw, rather than 
the injected knee joint—a measurement of referred pain. This is, 
primarily, because measuring such thresholds from the joint is 
technically challenging. Nevertheless, as mentioned above, during 
experimental OA, joint afferents typically expand their receptive 
fields to areas adjacent to the injecting joint. The same expansion 
of receptive fields and reduction of mechanical thresholds around 
the joint area have been observed in human OA patients (Wessel, 
1995; Farrell et al., 2000; Kosek and Ordeber, 2000). Another 
method commonly used is the incapacitance test, which measures 
the weight distribution between both hind limbs—a measurement 
of static pain (Bove et al., 2003). Weight-bearing asymmetry and 
paw withdrawal thresholds are measurements of ongoing pain 

and referred pain, respectively, and 1 mg MIA is the only dose to 
induce both, with 0.5 and 0.75 mg MIA only producing referred 
pain (Pomonis et al., 2005; Pitcher et al., 2016).

Interestingly, changes in the hind paw weight distribution 
closely followed changes in punctuate allodynia (Combe et al., 
2004). MIA-induced pain-related behavior has a typical biphasic 
temporal profile (Pomonis et al., 2005; Pitcher et al., 2016). It 
usually manifests 1–3 days after administration as weight-bearing 
deficits and development of referred allodynia or hyperalgesia 
(Combe et al., 2004; Fernihough et al., 2004; Pomonis et al., 2005). 
This biphasic pattern is coincident with structural changes in the 
model progression, with the first stage associated with substantial 
inflammatory response and the second stage reflecting structural 
changes to the joint (Bove et al., 2003; Fernihough et al., 2004).

PHARMACOLOGY OF MIA

The biphasic nature of the model can be also observed in the 
responsiveness of the model to pharmacological agents (Table 1). 
The initial stage of the pain phenotype is sensitive to paracetamol 
(Fernihough et al., 2004) and NSAIDs, which seems to correlate 
with signs of inflammation (Guingamp et al., 1997; Bove et al., 
2003; Fernihough et al., 2004; Pomonis et al., 2005). This stage 

TABLE 1 | Pharmacological modulation of pain-related behavior in MIA model of osteoarthritis.

Compound Dose (mg/kg) Observed changes in pain-related behavior References

Early phase Late phase

Diclofenac 30 M.H. – (Fernihough et al., 2004)
Morphine 6 M.A., M.H. M.H., M.A., W.B. (Combe et al., 2004; 

Fernihough et al., 2004; 
Pomonis et al., 2005) 

Gabapentin 6 – M.A., W.B (Fernihough et al., 2004; 
Ivanavicius et al., 2007)

Paracetamol 1 M.H. W.B. (Fernihough et al., 2004)
(Bove et al., 2003)

Naproxen 10 – W.B. (Bove et al., 2003)
Rofecoxib 10 – W.B. (Bove et al., 2003)
Tramadol 3 – M.A., W.B. (Combe et al., 2004)
CGRP8-37 5nmol/5 µl/mouse – M.A. (Ogbonna et al., 2013)
Indomethacin 3 – W.B. (Pomonis et al., 2005)
Celecoxib 3 – W.B. (Pomonis et al., 2005)
A-796260* 35 – M.E. (Yao et al., 2008)
URB597** 5 – W.B. (Schuelert et al., 2011)
PF-04457845 0.3 – M.H. (Ahn et al., 2011)
Amitriptyline 3 – W.B. (Ivanavicius et al., 2007)
A-889425*** 30 M.E. (Chu et al., 2011)
Anti-NGF antibody 5 M.A. – (Sousa-Valente et al., 2018)
PD98059+ 10 µl – M.E. (Lee et al., 2011)
BIBN4096BS++ 3 W.B. – (Hirsch et al., 2013)
Minocycline+++ 30 – M.A (Sagar et al., 2011)

M.A, referred mechanical hyperalgesia; measured with von Frey apparatus; M.H, mechanical hyperalgesia, measured with Randall–Salito; W.B, weight bearing, measured with 
incapacitance tester; M.E, movement-evoked pain, grip force test.
*CB2 agonist.
**FAAH inhibitor.
***TRPV1 antagonist.
+MAPK1 inhibitor.
++CGRP antagonist.
+++glial cell inhibitor.
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Visceral pain is one of the leading causes for abdominal pain in gastroenterological
diseases and is still hard to treat effectively. Bulleyaconitine A (BAA) is an aconitine analog
and has been used for the treatment of pain. Our previous work suggested that BAA
exerted analgesic effects on neuropathic pain through stimulating the expression of
dynorphin A in spinal microglia. Here, we investigated the inhibitory effect of BAA on
visceral pain and examined whether the expression of dynorphin A in spinal microglia was
responsible for its effects. We found that BAA produced significant antivisceral pain effect
induced by acetic acid through stimulating dynorphin A expression in spinal microglia. In
addition, anxiety and chronic visceral pain are highly prevalent comorbid conditions in
clinical research, which is still a problem to be solved. We also aimed to evaluate the
effects of BAA on anxiety. A comorbidity model with characteristics of both chronic
visceral pain and anxiety was developed by colorectal injection of 2,4,6-trinitrobenzene
sulfonic acid and the induction of heterotypic intermittent chronic stress protocol. In
comorbid animals, BAA exerted great antianxiety effects. Meanwhile, the antianxiety
mechanism of BAA was different with the antivisceral pain mechanism of BAA. In
conclusion, our study demonstrated, for the first time, that BAA exerted marked
antivisceral pain and antianxiety effects, which expands the analgesic spectrum and
clinical application of BAA. Furthermore, it also it provides a better guidance for the clinical
use of BAA.

Keywords: Bulleyaconitine A (BAA), antianxiety, antivisceral pain, irritable bowel syndrome, microglia, dynorphin A
INTRODUCTION

Irritable bowel syndrome (IBS) is usually demonstrated by recurrent symptoms of visceral pain or
discomfort associated with alterations in bowel evacuation habits. IBS is the most common type of
disease among functional gastrointestinal diseases characterized by chronic abdominal intermittent
Abbreviations: BAA, Bulleyaconitine A; VHS, Visceral hypersensitivity; IBS, Irritable bowel syndrome; HeICS, Heterotypic
intermittent chronic stress; TNBS, 2,4,6-trinitrobenzene sulfonic acid; CRD, Colorectal distension; Nor-BNI, Nor-
binaltorphimine dihydrochloride; OFT, Open field test; EPM, Elevated plus maze; AWR, Abdominal withdrawal reflex;
PWT, Paw withdrawal threshold.
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or continuous pain, and changes in bowel evacuation habits (Qu
et al., 2013; Winston et al., 2014; Zhao et al., 2018). The
pathogenesis of IBS is poorly understood and remains a very
challenging question for gastrointestinal researchers and
clinicians. Visceral pain, caused by noxious stimulation that
activates pain receptors in the internal organs, is one of the
most common pains in clinical research. Chronic visceral pain is
one of the major kind of abdominal pain caused by
gastrointestinal diseases such as IBS, inflammatory bowel
disease (IBD), and functional gastrointestinal disorder (FD),
etc. (Wouters, 2014; Du et al., 2018). An effective and
advanced treatment stratagies for patients with visceral pain
are needed for the comfort and ease of humanity (Zhang et al.,
2014; Jiang et al., 2018).

Most recently, it has been reported that there exists a high
degree of comorbidity between visceral pain diseases and
psychological disorders (such as anxiety and depression). The
potential link between visceral pain and psychological disorders
was stress that worsened the symptoms of patients (Enck et al.,
2016), as stress, anxiety and depression are associated with the
upregulation of the inflammatory activity (Chen et al., 2014;
Zhang et al., 2019). In addition, it has been suggested that
psychological disorders such as anxiety were often
accompanied by chronic pain (Vidor et al., 2014; Gui et al.,
2016; Johnson and Greenwood-Van Meerveld, 2016; Yang et al.,
2019). There is still a lack of clinically effective treatments for
visceral pain and its comorbid psychological disorders.

Bulleyaconitine A (BAA) is a diterpene alkaloid isolated from
the unique medicinal plant of Yunnan, China and is an
aconitine-like alkaloid. It has been reported that BAA exerts
significant analgesic activities and strong antiinflammatory
effects (Zhu et al., 2015; Huang et al., 2016; Li et al., 2016; Xie
et al., 2018). In the 1980s, BAA was approved by the State Food
and Drug Administration (SFDA) to treat chronic pain
symptoms such as arthritis, lower back pain, and lumbar
muscle strain (Tang et al., 1986; Wang et al., 2007). It was
reported that BAA exerted analgesic effects in several pain
models of rats such as the neuropathic pain model, bone
cancer pain mode, and formalin-induced tonic pain mode
(Zhu et al., 2015; Li et al., 2016; Xie et al., 2018). However, the
effects of BAA on visceral pain and its mechanism have not been
fully understood yet. Some reports demonstrated that the
analgesic effects of BAA were related to voltage-dependent
sodium (Nav) channels such as Nav 1.3, Nav 1.7, and Nav 1.8
sodium channels (Brochu et al., 2006; Samad et al., 2013).
Previously, we have found that BAA significantly blocked
neuropathic pain by stimulating dynorphin A expression in
spinal microglia. In the current study, we further explored the
effect and mechanism of BAA on visceral pain, expanding our
knowledge of the analgesic scope of BAA. We hypothesized that
BAA exerted great antivisceral pain effects. In addition, we also
investigated the effects of BAA on the bowel habits of 2,4,6-
trinitrobenzene sulfonic acid (TNBS)–induced chronic visceral
pain to explore the role of BAA in IBS. Our data demonstrated
that BAA alleviated the bowel habits in rats with visceral pain
and had good potential for treating IBS. Moreover, to further
Frontiers in Pharmacology | www.frontiersin.org 2286
expand the clinical use of BAA and find more effective ways to
treat comorbid anxiety in visceral pain, we examined the effects
of BAA on anxiety and investigated whether BAA’s mechanism
on anxiety was the same as BAA’s analgesic mechanism. Our
study suggested that BAA produced a significant anxiolytic effect.

Some research suggested that the chronic stress model and
water avoidance stress (WAS) induced anxiety-like behaviors
and visceral hypersensitivity (VHS) (Schoenfeld, 2016). In our
present research, intracolonic perfusion of TNBS was used to
induce neonatal colonic inflammation and exacerbate the
development of chronic VHS in rats. Heterotypic intermittent
chronic stress (HeICS) application in adult rats was used to
aggravate visceral pain and cause anxiety behaviors.
MATERIALS AND METHODS

Drugs and Reagents
BAA and minocycline were purchased from Zelang Bio-
Pharmaceutical (Nanjing, China) and Northeast Pharmaceuticals
Group (Shenyang, China). Nor-binaltorphimine dihydrochloride
(nor-BNI) and 5′-Guanidinonaltrindole (5′-GNTI) were obtained
fromAbcam (Cambridge, United Kingdom) and Sigma-Aldrich (St.
Louis, MO, USA). Dynorphin A (1−17) with peptide sequences of
YGGFLRRIRPKLKWDNQ was synthesized by Dan Gang Peptides
Co. (Hangzhou, China) with purity not less than 98%. The rabbit
polyclonal antibodies neutralizing dynorphin A were purchased
from Phoenix Pharmaceuticals (Burlingame, CA, USA), with
specificity to dynorphin A (100%), but not to dynorphin B (0%),
b-endorphin (0%), a-neo-endorphin (0%), or leu-enkephalin (0%)
according to the manufacturer’s descriptions. Its specificity was also
validated by the antigen absorption test from other laboratories
(Wakabayashi et al., 2010; Yamada et al., 2013). All of the reagents
and drugswere diluted or dissolved in 0.9%normal saline or artificial
cerebrospinal fluid (ACSF).

Animals
Female Sprague-Dawley pup rats with a nurturing mother were
obtained from Qianbi Biotechnology Company (Shanghai, China).
The pup rats were weaned at 22 days of age and were then housed
three per cage. The animals were housed in a controlled
environment (at standard room temperature (22°C ± 2°C), under
conditions of a 12/12-hr reversed light-dark cycle (7:00 am−7:00
pm), receiving water and food ad libitum. The research protocols
were approved by the Experimental Animal Committee of Shanghai
Jiao Tong University School of Medicine and performed following
the Animal Care Guidelines of National Institutes of Health.

Method for Establishing Acute Visceral
Pain Model
Acetic acid writhing experiment was used to establish the acute
visceral pain model. Rats were intraperitoneally injected with 1%
v/v acetic acid solution (10 ml/kg) and then rats were placed
individually in transparent cages (Ghia et al., 2004). The number
of acetic acid-induced writhing was counted within 20 min. For
the purpose of scoring, a writhe was indicated by simultaneous
stretching of the abdomen or at least one hind limb. The
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reduction in the number of writhes compared to the control
group was considered as an evidence of analgesic effect.

The Single Intrathecal Injection Method
The single intrathecal injection method was undertaken as
described previously (Mestre et al., 1994; Mamet et al., 2014).
In brief, rats were anesthetized with 2% isoflurane, and kept the
lumbar region of the back and lateral surface of the left thigh
shaved. A 50-ml Hamilton syringe with an attached 27-gauge
needle was inserted between L5 and L6 until the intrathecal space
was reached as indicated by tail twitch, then the rats were allowed
to recover. Drug testing started 1 week after spinal nerve ligation.
Rats received an intrathecal injection of normal saline, blank
serum, or dynorphin A antiserum administered 1.5 h before the
acetic acid injection. Dynorphin A antiserum (1:10 dilution,
10 ml) or blank serum or normal saline were injected, followed
by a 15-ml saline flush.

Induction of Neonatal Colonic
Inflammation
The neonatal pup rats were mildly anesthetized with 2%
isoflurane and then were intraluminal administrated with
2,4,6-trinitrobenzene sulfonic acid (TNBS, Sigma Aldrich, MO,
USA) (TNBS about 2.86 mg for a 22-g pup, dissolved in 200 ml of
the 10% ethanol/90% saline solution) on postnatal day 10,
through a catheter into the colon 2 cm from the anus. Rats in
the control group were perfused with 200 ml of normal saline. For
preventing the leakage from colons, the pups were put in a
posture with the head down and anus closed for approximately
2 min.

HeICS Protocol
HeICS protocol was used to aggravate visceral pain and induce
anxiety behaviors in rats (Posserud et al., 2004; Zhang et al., 2014;
Winston and Sarna, 2016). HeICS protocol involved daily and
multiple stressors at unpredictable times. In this experiment, 4
randomly arranged types of stressors: cold restraint stress(4°C,
45 min), forced swimming stress(25°C ± 1°C, 20 min), WAS (120
min), electricity foot shock (0.5 mA, electricity shock for 10 s, 1 min
interval, repeat 30 times) were applied to adult rats in a variable
schedule for two consecutive weeks (twice daily) (Supplementary
Table 1). For cold restraint stress, rats were restrained in a tethered
container (diameter, 5 cm × 10 cm high) which was placed in a
refrigerator at 4°C for 45min. For forced swimming stress, rats were
forced to swim for 20 min in a plastic container (diameter, 21 cm ×
55 cmhigh) filled withwater (23°C). ForWAS, rats were placed for 2
h. on a cylinder (diameter, 6 cm × 15 cm high) as an island in the
middle of a plastic container (60 cm × 60 cm × 60 cm) filled with
water within 2 ~ 3 cm from the top at room temperature. For
electricity foot shock, the rat was placed in the fear conditioning box
(15 cmhigh× 16 cmwide × 20 cm long). The currentwas 0.5mA for
a continuous 10 sec, 1 min interval, 30 times. Cycle the four kinds of
stress experiments were cycled 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 unless
changing cages.
Frontiers in Pharmacology | www.frontiersin.org 3287
Elevated Plus Maze Test
Anxiety-like behavior of the rats was tested using the elevated
plus maze (EPM) paradigm. The EPM was undertaken as
described previously (Costa et al., 2014). The device contained
one center platform (5 cm × 5 cm), two closed arms and two
open arms (30 cm × 5 cm) elevated around 50 cm above the
floor. The test was conducted under dim light conditions (50 ~
60 Lux) between 8:00 am and 12:00 pm. Before the test, rats were
put in the testing room and adapted to the room environment for
about 30 min. Then rats were put in the EPM apparatus and
allowed to explore for 5 min freely. At the beginning, rats were
placed individually in the central platform facing an open arm.
The total time spent in the open arms was recorded and analyzed
using a camera overhead as an index of anxious behaviors
(Ethovision XT, Noldus Information Technology, VA, USA).
The total distance travelled in the EPM apparatus was recorded
and analyzed as a measure of locomotor activity of the rats.

Open Field Test
The open field test (OFT) was undertaken as described
previously (Kuniishi et al., 2017). The device contained a
square arena (100 cm × 100 cm) surrounded by walls (40 cm
high), which was divided into 16 equal squares and its central
part occupied the four squares in the middle. The test was
conducted under dim light conditions (50 ~ 60 Lux) between
8:00 am and 12:00 pm. Before the test, rats were brought into the
testing room and adapted to room environment for about
30 min. Then rats were put in OFT apparatus and allowed to
explore freely for 5 min. A video camera overhead was used to
record the behavioral responses of rats during the test. The total
time spent in the central area was recorded and analyzed as an
index of anxious behaviors (Ethovision XT, Noldus Information
Technology, VA, USA). The total distance travelled in OFT was
recorded and analyzed as a measure of the locomotor activity of
the rats.

Data Analysis
All data are presented as mean ± standard error of means (SEM).
Two-tailed Student’s t test or one-way or two-way ANOVA
followed by Fisher post hoc analysis were used for comparison of
means. P < 0.05 was considered statistically significant in all cases.
RESULTS

BAA Dose-Dependently Produced
Antiacute Visceral Pain, Which Was
Inhibited by Minocycline, Dynorphin A
Antiserum, and Nor-BNI
The analgesic effects of BAA on acute visceral pain were
examined in three groups of rats by PWT (Paw withdrawal
threshold), which received a single subcutaneous injection of
normal saline (1 ml/kg), BAA (30 mg/kg, dissolved in normal
saline, 1 ml/kg) and BAA (90 mg/kg, dissolved in normal saline).
One hour after saline or BAA injection, rats were intraperitoneal
injected with 1% v/v acetic acid solution (10 ml/kg).
March 2020 | Volume 11 | Article 328
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To test whether BAA produced antivisceral pain effect through
microglia, the microglia inhibitor-minocycline was applied. Rats
were pretreated with minocycline (intraperitoneal injection, 30 mg/
kg, 0.1 ml/kg) or saline 2 h before the injection of acetic acid. BAA
(subcutaneous injection, 90 mg/kg) or saline was administrated 1 h
before the acetic acid injection. To test whether BAA produced an
analgesic effect on visceral pain through stimulating dynorphin A
expression, dynorphin A antiserum was applied. Rats received an
intrathecal injection of normal saline, blank serum or dynorphin A
antiserum (1:10 dilution, 10 ml) administered 1.5 h before the acetic
acid injection. Then, BAA (subcutaneous injection, 90 mg/kg) or
saline was applied 1 h before acetic acid injection. To test whether
BAA produced antiacute visceral pain effect through k-opioid
receptors, the k-opioid receptors inhibitor nor-BNI was used.
Nor-BNI (subcutaneous injection, 10 mg/kg) or saline
(subcutaneous injection, 1 ml/kg) was applied in rats 2 h before
acetic acid injection. Then, BAA (subcutaneous injection, 90 mg/kg)
or saline was applied 1 h before acetic acid injection. The number of
acid-induced writhes was counted within 20 min.

As shown in Figure 1A, both 30 and 90 mg/kg BAA produced a
significant antiacute visceral pain effect. As shown in Figure 1B,
microglia inhibitor minocycline inhibited the analgesic effect of
BAA on acute visceral pain, while minocycline alone did not
influence the number of writhes. The results show that BAA
produced antivisceral pain effect through microglia. As shown in
Figure 1C, the intrathecal injection of dynorphin A antiserum
Frontiers in Pharmacology | www.frontiersin.org 4288
blocked the analgesic effect of BAA on acute visceral pain without
changing the number of writhes, which suggested that BAA exerted
antivisceral pain effect by activating dynorphin A in spinal. As
shown in Figure 1D, k opioid receptors inhibitor nor-BNI inhibited
the antivisceral pain effect of BAA and the application of nor-BNI
alone did not influence the number of writhes, which demonstrated
that BAA produced antivisceral pain effect through k
opioid receptors.

The Anxiety State Was Significantly
Enhanced After HeICS in Rats
To investigate the antianxiety effect of BAA in the chronic
visceral pain-anxiety comorbidity model and anxiety model,
we first induced the anxiety-like behaviors in rats through
applying the HeICS protocol (Posserud et al., 2004; Mamet
et al., 2014). Rats tagged as TNBS rats (TNBS treated), HeICS
rats (HeICS treated), and TNBS + HeICS rats (TNBS followed
by HeICS treated) as shown the schematic diagram (Figure 2),
explaining the whole experimental schedule.

To test whether the anxiety-like behaviors were induced in
rats after HeICS application, EPM paradigm and OFT were
carried out. As shown in Figure 3A, in the EPM test, both of
the HeICS and TNBS + HeICS application significantly
reduced time spent in open arms compared with the control
group. Moreover, TNBS + HeICS application significantly
reduced time spent in open arms compared with HeICS
A B

C D

FIGURE 1 | The antivisceral pain effect and the mechanism of Bulleyaconitine A (BAA). (A) BAA significantly produced antivisceral pain effect (n = 6 each;
one-way ANOVA; *P < 0.05. (B) Minocycline blocked the effect of BAA on acute visceral pain in rats (n = 6 each; one-way ANOVA; *P < 0.05; #P < 0.05).
(C) Intrathecal injection of dynorphin A antiserum inhibited the effect of BAA on acute visceral pain in rats (n=6 each; one-way ANOVA; *P < 0.05; #P < 0.05).
(D) Nor-binaltorphimine dihydrochloride (Nor-BNI) blocked the effect of BAA on acute visceral pain in rats (n = 6 each; one-way ANOVA; *P < 0.05; #P < 0.05). The
data are presented as means ± standard error of means (SEM).
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application alone, which suggested that the application of
HeICS following TNBS perfusion exerted the anxiety-like
behaviors more seriously. As shown in Figure 3C, in the
OFT, both the HeICS and TNBS + HeICS application
significantly reduced time spent in the center zone
compared with the control group. In addition, as shown in
Figures 3B, D, there were no significant differences in the
total distance traveled not only in the EPM test but also in the
OFT, suggesting that the locomotor activity did not change.
These results demonstrated that HeICS application
significantly induced the anxiety-like behaviors in rats and
TNBS + HeICS application induced the most serious anxiety
state in rats. In addition, we also compared the number of
action potential (AP) in L5-L6 spinal cord dorsal horn
neurons in control rats and TNBS rats. We found that the
number of AP in TNBS rats was more than that in control rats,
which suggested that the intrinsic excitability of cells in TNBS
rats was higher than that in control rats.

BAA Produced Antianxiety Effects in
TNBS+HeICS Rats
To investigate the antianxiety effect of BAA in the chronic
visceral pain-anxiety comorbidity model, we first studied the
effect of BAA in TNBS+HeICS rats. Three groups of TNBS +
HeICS rats were with injected normal saline (1 ml/kg), BAA (30
mg/kg), and BAA (90 mg/kg) separately on 1 d (EPM) and 2 d
(OFT) after HeICS. As shown in Figures 4A, C, BAA
significantly increased the time spent in the open arms of EPM
and in center zone of OFT, suggesting that BAA reduced the
anxiety-like behaviors in chronic visceral pain-anxiety
comorbidity rats. In addition, as shown in Figures 4B, D,
there were no significant differences in the total distance
traveled not only in the EPM but also in the OFT, suggesting
that subcutaneous administration of 30 mg/kg and 90 mg/kg BAA
did not alter locomotor activity in rats.
Frontiers in Pharmacology | www.frontiersin.org 5289
BAA Did Not Exert Antianxiety Effects
Through Stimulating Dynorphin A
Expression
To investigate whether the antianxiety effect of BAA was also by
stimulating dynorphin A expression in spinal microglia, microglia
inhibitor minocycline, dynorphin A antiserum, and k opioid
receptors inhibitor nor-BNI were applied. As shown in Figures
5A, B, BAA significantly reduced the anxiety-like behaviors in
TNBS + HeICS rats whether in the EPM test or in the OFT, while
the single intraperitoneal injection of minocycline also decreased the
anxiety-like behaviors of rats in the EPM. However, the application
of minocycline and BAA together did not produce more effective
antianxiety effects in the EPM andOFT. The results showed that the
antianxiety mechanism of BAA may not work through microglia
and the minocycline also exerted anxiolytic effects. As shown in
Figures 5C, D, both intrathecal injection of dynorphin A antiserum
or subcutaneous injection of BAA alone significantly reduced the
anxiety-like behaviors in TNBS + HeICS rats whether in the EPM
test or OFT, while the intrathecal injection of blank antiserum alone
did not influence the anxiety state of rats. Moreover, the application
of dynorphin A antiserum and BAA together did not produce
superimposed anxiolytic effects. The results suggested that the
anxiolytic mechanism of BAA may not work through stimulating
dynorphin A expression and dynorphin A antiserum also exerted
great antianxiety effects. As shown in Figures 5E, F, BAA
significantly reduced the anxiety-like behaviors in TNBS + HeICS
rats both in the EPM test and in the OFT, while the subcutaneous
injection of nor-BNI also alleviated the anxiety state of TNBS +
HeICS rats in the EPM test. However, the application of nor-BNI
and BAA together did not produce additional anxiolytic effect in the
EPM test. The results suggested that the anxiolytic mechanism of
BAA may not work through k-opioid receptors and the k-opioid
receptor inhibitor nor-BNI also exerted anxiolytic effects. These
results above demonstrated that the antianxiety mechanism of BAA
was different with the antivisceral pain mechanism of BAA. In
FIGURE 2 | Timeline of chronic visceral pain and anxiety-like behaviors induction experiments.
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A B

C D

FIGURE 4 | The antianxiety effects of Bulleyaconitine A (BAA) on chronic visceral pain-anxiety comorbidity of 2,4,6-trinitrobenzene sulfonic acid + heterotypic
intermittent chronic stress (TNBS+HeICS) rats. (A, C) The antianxiety effects of BAA on chronic visceral pain-anxiety comorbidity rats in the elevated plus maze (EPM)
test and open field test (OFT) (n = 6 each; one-way ANOVA; *P < 0.05). (B, D) BAA did not influence the total distance whether in the EPM test or in the OFT. The
data are presented as means ± standard error of means (SEM).
A B

C D

FIGURE 3 | The effects of 2,4,6-trinitrobenzene sulfonic acid (TNBS), heterotypic intermittent chronic stress (HeICS), and TNBS + HeICS application on the anxiety-
like behaviors in the elevated plus maze (EPM) test and open field test (OFT). (A) Bars showing that both HeICS and TNBS + HeICS application reduced time spent
in open arms of the EPM significantly compared with the control group (n = 6 each; one-way ANOVA; *P < 0.05; #P < 0.05). (B) Bars showing that there were no
significant differences of average total distance in the EPM (n = 6 each; one-way ANOVA). (C) Bars showing that both HeICS and TNBS + HeICS application
observably reduced time spent in center zone compared with the control group (n = 6 each; one-way ANOVA; *P < 0.05). (D) Bars showing there were no significant
differences of average total distance in the OFT (n = 6 each; one-way ANOVA). The data are presented as means ± standard error of means (SEM).
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addition, the activation of microglia, the stimulation of dynorophin
A and the activation of k-opioid receptors may induce anxiety-like
behaviors in rats. The reason for these contradicting results might be
that the secretion of dynorphin A stimulated by BAA
(approximately 40 pg/mg protein in spinal homogenates) (Li
et al., 2016) was not enough to induce anxiety in rats.

BAA Produced Antianxiety Effects in
HeICS Rats
To further confirm the antianxiety effect of BAA, we next
study the effect of BAA in HeICS rats. Three groups of HeICS
rats in 4 weeks were injected normal saline (1 ml/kg), BAA (30
mg/kg), and BAA (90 mg/kg) on 1 d (EPM) and 2 d (OFT) after
the last stress respectively. As shown in Figures 6A, B, 90 mg/
kg BAA significantly increased time spent in open arms of
EPM without changing the total distances travelled in EPM.
Similarly, as shown in Figures 6C, D, 90 mg/kg BAA also
increased time spent by rats in the center part of OFT without
Frontiers in Pharmacology | www.frontiersin.org 7291
influencing the total distances travelled in OFT. These results
suggested 90 mg/kg BAA also produced great antianxiety
effects in HeICS rats, which further confirmed the
antianxiety effects of BAA.

BAA Improved the Gastrointestinal
Function With Visceral Pain
To investigate the influence of BAA on bowel habits and
gastrointestinal function during puberty in rats with chronic
visceral pain, rats were divided into the experimental group
and control group. Both groups of rats were perfused with
TNBS solution in the colon at 10 day after birth. When the rats
were 3 weeks old, rats in the experimental group were
intragastrically administered with BAA (0.8 mg/kg, 10 ml/
kg) and rats in the control group were intragastrically
administered with normal saline (Figure 7A). Then two
groups of rats were restrained in a tethered container
(diameter, 5 cm × 10 cm high) for 2 h to aggravate the
A B

C D

E F

FIGURE 5 | The effects of microglia inhibitor minocycline, dynorphin A antiserum, and k opioid receptors inhibitor nor-binaltorphimine dihydrochloride (nor-BNI) on
the antianxiety effect of Bulleyaconitine A (BAA). (A) Bars showing that in the elevated plus maze (EPM) test, both BAA and minocycline produced significantly
antianxiety effects on 2,4,6-trinitrobenzene sulfonic acid + heterotypic intermittent chronic stress (TNBS+HeICS) rats (n = 6 each; one-way ANOVA; *P < 0.05). (B)
Bars showing that in the open field test (OFT), minocycline did not influence the antianxiety effect of BAA (n = 6 each; one-way ANOVA; *P < 0.05). (C) Bars showing
that both the administration of dynorphin A antiserum and BAA increased time spent in the open arms of the EPM test. (n = 6 each; one-way ANOVA; *P < 0.05. (D)
Bars showing that both the administration of dynorphin A antiserum and BAA increased time spent in center zone of the OFT (n = 6 each; one-way ANOVA; *P <
0.05. (E) Bars showing that in TNBS + HeICS rats, both the injection of nor-BNI or BAA increased time spent in open arms of EPM significantly (n = 6 each; one-
way ANOVA; *P < 0.05). Moreover, the administration of BAA and nor-BNI together did not exert more effective antianxiety effects. (F) Bars showing that in TNBS +
HeICS rats, both the injection of nor-BNI or BAA increased time spent in center zone of OFT (n = 6 each; one-way ANOVA; *P < 0.05). Moreover, the administration
of BAA and nor-BNI together did not produce more effective antianxiety effects. The data are presented as means ± standard error of means (SEM).
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A B

C D

FIGURE 6 | The antianxiety effects of Bulleyaconitine A (BAA) on visceral pain-anxiety comorbidity of heterotypic intermittent chronic stress (HeICS) rats. (A, C) The
antianxiety effects of BAA on anxiety model rats in elevated plus maze (EPM) and open field test (OFT) (n = 6 each; one-way ANOVA; *P < 0.05 90 mg/kg BAA vs. 1
ml/kg Saline). (B, D) BAA did not influence the total distance whether in EPM or in OFT. The data are presented as means ± standard error of means (SEM).
A

B C

FIGURE 7 | The effects of Bulleyaconitine A (BAA) on the amount of feces and weight gain during puberty in rats with chronic visceral pain. (A) Timeline of
experimental protocols to induce chronic visceral pain in rats. (B) The effect of BAA on the number of bowel movements in rats after 2 h of restraint stress every day
(n=6 each; one-way ANOVA; *P < 0.05 0.9 mg/kg BAA vs. Control). (C) The effect of BAA on the weight gain of rats during the experiment (n = 6 each; one-way
ANOVA). The data are presented as means ± standard error of means (SEM).
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chronic visceral pain in rats. Two hours later, the rats were
taken out and the amount of feces in the bottles was counted.
As shown in Figures 7B, C, 0.9 mg/kg BAA reduced the
number of feces in rats with chronic visceral pain and the body
weight of rats had a larger range of weight gain during the
gastrointestinal administration of BAA in the fast growth adolescent
period. The results suggested that the gastrointestinal administration
of BAA improved bowel habits and gastrointestinal function during
puberty in rats with chronic visceral pain.
DISCUSSION

Visceral pain is usually characterized by inaccurate localization
and frequent referred pain (Zhang et al., 2015), which differs
significantly in terms of neurological mechanisms. Visceral pain is
one of the main causes for abdominal pain and has been an
important biological hallmark of pain symptoms clinically
(Keszthelyi et al., 2012; Hasler and Owyang, 2013; Camilleri,
2014; Wouters, 2014). It is well known that opioids play an
important role in the management of visceral pain and other
effective alternatives are still to be discovered. There are many
dose-dependent side effects of opioid drugs such as constipation,
respiratory symptoms, and depression (Pereira Do Carmo et al.,
2009). Despite continuous advances in the treatment of visceral
pain, additional research is needed to find a more effective
treatment for it. BAA, a diterpenoid alkaloid isolated from
Aconitum Bulleyanum, belongs to the “aconitine-like” alkaloids
and has been used for the treatment of chronic pain for around
three decades, but the molecular mechanism is still not fully
discovered. There are many contradictory reports about the
analgesic mechanism of BAA. Some studies have stated that the
blockage of voltage-dependent sodium (Nav) channels such as
Nav 1.3, Nav 1.7, and Nav 1.8 sodium channels by BAA produce
antinociceptive effects on neuropathic pain in rats (McGaraughty
et al., 2008; Samad et al., 2013). The latest research reported that
BAA might exert an antineuropathic pain effect by use-dependent
blocking tetrodotoxin-sensitive Nav1.3 and Nav1.7 channels in
dorsal root ganglion neurons (Xie et al., 2018). Moreover, it was
reported that BAA attenuated paclitaxel induced neuropathic
pain, which might be related to the inhibition of spinal LTP at
C-fiber synapses by inhibiting presynaptic transmitter release
(Zhu et al., 2015).

In the present study, we have further expanded the analgesic
spectrum of BAA. Our data demonstrated for the first time that BAA
produced significant antivisceral pain effect on acute visceral pain
induced by acetic acid. More specifically, our current results revealed
that BAA also exerted antivisceral pain effects through stimulating
dynorphin A in spinal microglia and then dynorphin A acted on k-
opioid receptors, consistent with the analgesicmechanism of BAA on
neuropathic pain in our previous research (Li et al., 2016).
Dynorphin A is an endogenous opioid neurotransmitter and is
produced in the spinal cord and many parts of the brain such as
the striatum, hippocampus and the hypothalamus (Mollereau et al.,
1999). Previously, we have found that the secretion and localization
of dynorphin Awas not only in neurons and astrocytes as reported in
other studies, but also in microglia by using double immunostaining.
Frontiers in Pharmacology | www.frontiersin.org 9293
In addition, BAA stimulated the expression of dynorphin A
(measured by the levels of the prodynorphin and dynorphin A
gene expression) in the primary culture of microglia but not in
astrocytes or neurons from neonatal and adult rats, even though the
latter two types of cells also expressed and secreted dynorphin A (Li
et al., 2016). Moreover, in our present research, we have found that
the antivisceral pain effect of BAA given subcutaneously was
inhibited by microglia inhibitor minocycline, dynorphin A
antiserum (intrathecal injection) and k opioid receptors antagonist
nor-BNI. In the current study, we also examined the effect of BAA on
the poor bowel habits and gastrointestinal function in rats with
chronic visceral pain. We found that BAA reduced the number of
feces and increased the range of weight gain in rats with chronic
visceral pain. These results clearly demonstrated for the first time that
BAA not only produced great antivisceral pain effect but also
improved the gastrointestinal function in rats with visceral pain,
which suggested BAA might be a potential drug for the clinical
treatment of visceral pain and IBS. This study also provided a new
basis for BAA to expand its clinical application.

Previously, it was reported that there was a high degree of
comorbidity between visceral pain diseases and psychological
disorders (such as anxiety and depression). In our present
research, we found that BAA produced significant antianxiety
effects in rats with chronic visceral pain-anxiety comorbidity.
Furthermore, the antianxiety mechanism of BAA was different
with the antivisceral pain mechanism of BAA. It has been
suggested that chronic stress increased gene expression of some
inflammatory factors in the hippocampus such as IL-1b, IL-18, and
IL-6. IL-1b is an important mediator of stress-induced anxiety-like
behavior and it has been reported that the hippocampal IL-1b
mRNA was upregulated in stressed rats (Jones et al., 2018; Wang
et al., 2018). More importantly, the mature form of IL-1b as well as
its convertase, cleaved caspase-1, were both increased in the
hippocampus after exposure to chronic stress(Wang et al., 2018).
Based on the previous studies, we believe that the antianxiety effect
of BAA might be related to the changes of some inflammatory
factors such as IL-1b after HeICS. The results confirmed for the first
time that BAA produced a significant antianxiety effect, which
further expanded the clinical application of BAA and showed the
possibility of BAA treating anxiety in clinical practice.
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