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Abstract

Introduction—Mediators in pain transmission are the targets of a multitude of different analgesic
pharmaceuticals. This review explores the most significant mediators of pain transmission as well
as the pharmaceuticals that act on them.

Areas Covered—The review explores many of the key mediators of pain transmission. In doing
S0, this review uncovers important areas for further research. It also highlights agents with
potential for producing novel analgesics, probes important interactions between pain transmission
pathways that could contribute to synergistic analgesia, and emphasizes transmission factors that
participate in transforming acute injury into chronic pain.

Expert Commentary—This review examines current pain research, particularly in the context
of identifying novel analgesics, highlighting interactions between analgesic transmission
pathways, and discussing factors that may contribute to the development of chronic pain after an
acute injury.
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1. Introduction

Pain is a defining feature of medical pathology and one of the most common reasons for
seeking health care services. Subjective pain levels give important insights into the course
and severity of medical illnesses. Interestingly, self-reported pain has also been found to be a
potent predictor of long-term usage of health care resources [1]. Many pharmacological
agents have been devised to reduce the severity of pain. Mediators of pain transmission are a
common target of these agents and represent several areas of active anti-nociceptive
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research. After a patient encounters an aversive stimulus, a sensory signal must be
transmitted to the brain before the stimulus can be perceived as painful. Pain transmission
refers to the system of mediators, pathways, tracts, and nervous structures that achieve this
communication.

In this review, we have critically evaluated high-impact research articles from PubMed that
examined the pharmacology of pain transmission to answer the following questions: What
are the clinically significant mediators of pain transmission? And, how do pharmacological
interventions take advantage of these mediators of pain transmission? Finally, we provided
an expert commentary and five-year review of pain transmission research.

2. What are the clinically significant mediators of pain transmission?

Pain transmission includes the nervous tracts and synapses that relay a nociceptive signal
from the periphery to the brain. The transmission system includes the mediators that
propagate signals between neurons. Pharmacologically, these mediators and receptors
underlie many of the analgesics in the pharmacopeia. The key mediators involved in the pain
transmission process are summarized in Table 1 and are discussed below. The role of the
mediators mentioned in Table 1 is critically discussed in the following sections.

3. How do pharmacological interventions take advantage of pain

transmission mediators?

This review critically evaluated the analgesic agents that use these transmission pathways
involving key mediators, as shown in Table 1. Specifically, the effects of the following
transmission mechanisms are evaluated: adenosine and adenosine agonists, bradykinin and
bradykinin agonists, calcitonin gene-related peptide, cannabinoids, eicosanoids, endogenous
opioids and opioid agonists, y-aminobutyric acid, glutamate antagonists, glycine, histamine,
nerve growth factor, neuropeptide Y, nitric oxide, norepinephrine, serotonin, tachykinins and
neurokinins, and vasoactive intestinal polypeptide.

3.1 Adenosine and adenosine agonists

Adenosine is the endogenous molecule that activates a variety of receptors including A1,
A2A, A2B, A3, and P2Y receptors, with A1 and A2A, A3, and P2Y being particularly
applicable to pain transmission research [2]. Through these G protein-coupled receptors,
cyclic adenosine monophosphate (CAMP) is either increased (A2A, A2B) or decreased (A1,
AZ3), resulting in changes in the release of excitatory and inhibitory neurotransmitters. Due
to ubiquity of adenosine in the body, pain-specific induction of these pathways has been
judged clinically impractical by few investigators [3]. However, others have identified
compounds that could provide clinically efficacious pain relief via activity at specific
adenosine receptors. Imlach et al [4], for example, recently identified a specific, positive
allosteric modulator for the A1l receptor. They observed that many adenosine agonists have
systemic activity; however, an Al-specific receptor agonist was found to show increased
activity at primary afferent synapses [4]. In a rat model of neuropathic pain, the Al-specific
adenosine agonist increased adenosine, gamma amino butyric acid (GABA), and glycine in
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the dorsal horn [4]. Ford et al [2] observed that activation of A3 receptors has analgesic
effects that are unrelated to the Al or A2A receptors and cause fewer side effects. These
results suggest that specific adenosine agonists could have activity in relieving neuropathic-
related pain.

Similarly, Otsuguro et al [5] suggested that inhibitors of adenosine kinase could find clinical
use in relieving pain. Adenosine kinase is involved in reactions that transform adenosine into
other products, particularly AMP. While many adenosine kinase inhibitors have adverse
effects, temporary use of adenosine kinase inhibitors in a rat model could provide significant
analgesia by increasing local adenosine concentrations [5]. Otsuguro et al [5] did observe a
“time-dependent” relationship between adenosine kinase inhibitors: longer use corresponded
to more significant side effects.

Theoretically, caffeine would complicate any effort to use adenosine agonists clinically.
Caffeine, an adenosine antagonist, is broadly used in the society and could theoretically
attenuate the activity of adenosine agonists. Thus, though caffeine, like other
methylxanthines, has the potential to affect pain pathways, regular consumption may negate
any measurable clinical effect it might have [6]. Interestingly, despite antagonism of
adenosine receptors, caffeine has been found to potentiate pain-relieving drugs. Derry et al
[7] conducted a review of 20 studies that have evaluated the efficacy of caffeine as an
adjuvant to analgesics, and found a significant, albeit small, benefit to adding caffeine to
analgesic preparations. Interestingly, this benefit was not dependent on the primary analgesic
or root cause of the pain [7].

Currently, agonists of adenosine A3 receptors represent a relatively new and promising
avenue in pain research. One study that evaluated the activity of a specific adenosine A3
receptor agonist noted that, in a rodent model of neuropathic pain, A3 agonism produced
powerful analgesia [8]. This effect disappeared in A3 receptor knockout mice [8]. Equally
interesting, mice without neuropathic pain were not observed to have changes in nociception
in response to A3 agonists, demonstrating activity at A3 receptors to have potential for
neuropathic pain-specific therapy [8]. In another study that probed paclitaxel-induced
chronic neuropathic pain, A3 agonists were noted to block the process of chemotherapy-
induced neuropathic pain without affecting the anti-neoplastic properties of paclitaxel [9].
A3 agonists were noted to work by inhibiting NADPH oxidase and by modulating redox-
dependent pathways, including glutamine transport via GLT-1 and glutamine synthetase [9,
10]. Importantly, part of the efficacy of A3 agonists may be related to its effect on GABA
signaling (via GAT-1) or enhancement of chloride anion gradients via activity at KCC2 [10].
Based on these studies, it is likely that adenosine agonists have both an intrinsic capacity for
controlling pain and efficacy via interactions with other pain mediators.

While managing side effects and reconciling societal consumption of adenosine antagonists
could make the clinical use of adenosine agonist pain-relievers difficult, new research
suggests a potential role for adenosine agonists, particularly A3 agonists, and adenosine
kinase inhibitors in the pharmacopeia.
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3.2 Bradykinin and bradykinin agonists

Bradykinin plays a role in cardiovascular function, inflammation, and homeostasis [11].
Within the kinin family, bradykinin has been shown to be particularly important in mediating
pain and inflammation [12]. Its effects are mediated though cell surface receptors, including
the Bradykinin B1 and B2 G-protein coupled receptors [12]. Aspirin has been shown in
recent studies to reduce the affinity of the B2 receptor for bradykinin by accelerating its
dissociation rate, which could potentially account for some of its analgesic effect [12].

Although there is evidence to suggest that B1 and B2 receptors are involved in the
inflammatory pain response, there have been relatively few human studies evaluating
compounds that could mediate analgesia by acting on bradykinin receptors [11]. Similarly,
while this area represents a potential source of novel analgesics, few clinical trials examining
the role of bradykinin in pain have been conducted in the last ten years.

Interestingly, injection of bradykinin is a common practice for inducing pain in research
models. Surprisingly, relatively little research has been done to evaluate the mechanism by
which bradykinin induces pain in test subjects [13]. While many new research studies use
agonism of bradykinin receptors to /nduce pain, there is a paucity of new research evaluating
ways to antagonize bradykinin receptors to alleviate pain. Given this observation, bradykinin
receptor antagonism represents an interesting corridor in pain research.

3.3 Calcitonin gene-related peptide (CGRP)

Calcitonin gene-related peptide (CGRP) has long been recognized as a potent vasodilator.
Recent studies, however, have highlighted its role in wound healing [14], involvement in
migraine headaches [15], and its involvement in pain and inflammation [16]. Its roles in pain
and inflammation are particularly pertinent to this review, especially as it pertains to
migraine.

Hansen et al [17] demonstrated that CGRP injection could induce migraines with aura in
study participants. Conversely, Marcus et al [18] showed that selective antagonism of CGRP
receptors was superior to placebo in providing relief to patients with severe migraine.
Interestingly, the CGRP antagonist chosen by Marcus et al [18] was known to lack
vasoconstrictive properties, making its therapeutic action more likely to be the result of
effects on the pain pathway than vasoconstriction. Finally, Greco et al [19] found CGRP to
mediate analgesia in a rodent model of hyperalgesia. Specifically, Greco et al [19]
administered nitroglycerin, a vasodilator known to induce migraine-like pain, to rats.
Nitroglycerin injection was followed by administration of CGRP antagonists [19]. The
CGRP antagonist was found to decrease the pain response of the rats by reversing the effects
of nitroglycerin [19].

It was previously thought that CGRP had pro-inflammatory properties; however, recent
research suggests that CGRP does not induce inflammation [16]. In fact, Romero-Reyes et al
[16] showed that, in mice, CGRP receptor antagonists completely failed to induce
inflammation. It is worth noting that Romero-Reyes et al [16] identified a reduction in the
pain-related behaviors of mice that were treated with CGRP receptor antagonists [16].
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Though clinical trials of some CGRP antagonists (like Tolcegipant) have not demonstrated
measurable clinical benefit as migraine treatments, CGRP receptor antagonists continue to
show potential as anti-nociceptive agents that function without directly affecting
inflammatory pathways [20].

3.4 Cannabinoids

While the use of smoked marijuana remains controversial, cannabinoid-based
pharmaceutical interventions are becoming more common in certain clinical settings.
Moreover, cannabinoids represent an important frontier in analgesic research. The
mechanism of action of cannabinoids in the process of pain transmission is summarized in
Figure 1.

Cannabinoids may be useful because of their analgesic properties as well as the effects they
exert on other analgesics. For example, Altun et al [21] conducted studies that evaluated the
effect of cannabinoid receptor agonists on opioids. Using a model that gauged pain in
morphine-tolerant rats, Altun et al [21] found that activating CB1 and CB2 (cannabinoid
receptors) increased the anti-nociceptive effect of morphine in rats that were exposed to a
hot plate. Activating cannabinoid receptors was also found to mediate analgesia [21]. Thus,
it was proposed that cannabinoid receptors play a role in mediating tolerance to opioids.
Similarly, Pecina et al [22] found that genetic variants with different activity of fatty acid
amine hydrolase (FAAH), an enzyme that breaks-down cannabinoids, were found to have a
potentiated response to placebos. In other words, the effect of endogenous opioids
(mediators of the placebo effect) was increased by cannabinoids [22]. FAAH has been
identified as an interesting way to treat pain via endogenous cannabinoids. For example,
Pawsey et al [23] noted that phase 1 trials of an FAAH inhibitor demonstrated pain
syndrome treatment with a very tolerable side effect profile. Manipulation of endogenous
cannabinoids, rather than supplementation with exogenous cannabinoids alone, may become
an important avenue for providing cannabinoid-mediated analgesia.

In another study, Cooper et al [24] compared the analgesic effects of Dronabinol (oral
cannabinoid) to smoked marijuana, and found that, relative to placebo, both smoked
marijuana and Dronabinol produced analgesia and increased pain tolerance (in response to
the cold pressor test). The effect of Dronabinol to mediate longer-term analgesia was much
more significant than smoked marijuana and carried lower risk of abuse-related effects [24].
Cooper et al [24] also noted that the analgesic effects and potential side effects of
cannabinoids differ depending on the patient's history of marijuana exposure. These findings
support the use of cannabinoids as analgesics. This statement is bolstered by the concept of
cannabimimetic compounds such as N-palmitoyl-ethanolamine that has shown analgesic
properties [25]. Their greatest usefulness is likely to be in a chronic, rather than acute, pain
setting. This suggestion is further evidenced by the work of Ostenfeld et al [26] who showed
that cannabinoids failed to demonstrate a significant analgesic benefit in patients with acute
dental pain.

Wilsey and co-investigators [27] studied the effect of different doses of vaporized
cannabinoids in patients with neuropathic pain. When compared to placebo, both low and
medium doses of vaporized cannabinoids provided pain relief to the test subjects with either
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absent or tolerable side effects [27]. These findings support the use of cannabis for treating
neuropathic pain and advocate for better quality control and standardization in cannabis
production. Johnson et al [28] made similar findings about the efficacy of cannabinoids in
treating chronic pain. Specifically, these investigators found significant effect of
cannabinoids in treating patients with opioid refractory, cancer-induced pain. Johnson et al
[28] further observed that the efficacy of the cannabinoid treatment had tolerable side effects
and did not lose efficacy over long-term use; patients using the study medication long-term
were unlikely to seek dosage increases.

Cannabinoids may also have clinical use in preventing an acute injury from developing into
chronic pain [29 - 31]. Alkaitis et al [29] used a rat model to demonstrate that post-operative
administration of cannabinoid antagonists resulted in significantly increased hypersensitivity
and allodynia when compared to the control group [29]. Importantly, this effect persisted
even after discontinuation of the cannabinoid antagonists [29]. Moreover, the group of rats
treated with the cannabinoid antagonists had associated increases of glial fibrillary acidic
protein (GFAP) in the dorsal horn. Increased GFAP expression is associated with the
development of chronic pain states, suggesting that one possible mechanism by which
cannabinoids decrease pain chronification is by limiting protein expression in spinal
astrocytes. Landry et al [30] demonstrated that a possible mechanism involves the MAP
kinase (MAPK) pathway. Persistently, elevated levels of spinal MAPK have been associated
with chronic pain states and, in this study, it was established that activation of CB2 receptors
leads to increased activity of MAPK phosphatases and corresponding decreases in spinal
levels of MAPK. These two mechanisms were also supported in a similar study completed
by Paszcuk et al [31]. The proposed mechanism by which cannabinoids may diffuse the
process of pain chronicity is summarized in Figure 2. However, more work is warranted to
elucidate the process by which cannabinoids influence pain chronicity.

A body of literature (described above) seems to mechanistically support the use of
cannabinoids in pain treatment; however, a recent systematic review and meta-analysis of
randomized double-blind trials questions their clinical utility [32]. In fact, based on this
meta-analysis, the Neuropathic Pain Special Interest Group (NeuPSIG) recommends against
the use of cannabinoids in neuropathic pain. This recommendation is related to risk of
mental illness, misuse, and negative trials. Although relatively few cannabinoid-related trials
were included in the analysis, the majority failed to positively treat neuropathic pain with
some even demonstrating negative outcomes [32].

Another avenue that needs to be addressed is related to dose-efficacy of cannabinoids. A
controlled trial by Portenoy et al [33] was designed to partially address this area. Here,
opioid-treated cancer patients with chronic pain were randomized into three dosage groups
and treated with oro-mucosally delivered cannabinoid preparations (nabiximols).
Nabiximols are fixed ratio formulations of tetrahydrocannabinol (THC) and cannabidiol
(CBD). Primary outcomes included overall subjective measurements of pain as well as
alterations in fixed-dose or breakthrough opioid use. Analysis of the primary outcomes,
combined dose groups versus placebo, revealed nonsignificant relief in baseline pain [33].
Interestingly, however, analysis of the 2 lower dose groups did reveal significant reductions
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from baseline pain. This study suggests that there may be a dosage ceiling on the potential
analgesic properties of cannabinoid (nabiximol) agents.

While controversial in some settings, a significant body of literature describes the
interactions of cannabinoids in pain transmission pathways (see Figure 1). Despite the
controversy, cannabinoids may represent an important source of novel treatments for the
management of clinical pain and may potentially be useful for avoiding the development of
chronic pain states (see Figure 2). Whether for increasing the effects of opioids, managing
opioid tolerance, treating neuropathic pain, or treating chronic pain, cannabinoids possess
desirable analgesic qualities. Because marijuana includes more than 60 identified
cannabinoids (e.g., THC, CBD), it is likely that marijuana has an “entourage effect.”
Therefore, as was the case in the work by Portenoy et al [33], carefully controlled studies
that either acknowledge the “entourage effect” or rigorously control individual cannabinoids
or cannabinoid ratios are needed. Additional research will further refine and elucidate the
current understanding of cannabinoid pain transmission pharmacology.

3.5 Eicosanoids

Eicosanoids are a class of signaling molecules that include hydroperoxy fatty acids,
leukotrienes, prostaglandins, and thromboxanes [34, 35]. During an inflammatory event,
arachidonic acids are released and subsequently converted into eicosanoids by enzymes such
as cyclooxygenase (COX) -1 and COX-2, the cytochrome P450 family, and lipoxygenase
[35]. Non-steroidal anti-inflammatory drugs (NSAIDs), which are the most widely used
analgesics, decrease inflammatory pain via inhibition of COX and a subsequent reduction in
prostaglandin production [35]. These drugs can be quite effective, particularly in an
inflammatory setting; COX-2 production of prostaglandins has been shown to be a major
driver of inflammatory pain [35].

Prostaglandins are involved in the regulation of many physiologic functions including
vascular tone, platelet aggregation, gastrointestinal motility, and the inflammatory response
[36]. Prostaglandin E2 (PGE2) is a particularly important mediator of both acute
inflammatory pain and chronic neuropathic pain [37]. PGE2 acts on the G-protein coupled
receptors that excite nociceptive neurons, sensitizing them to the effects of pain mediators
(including ATP, bradykinin, and capsaicin) [37]. Additionally, as discussed below, PGE2
inhibits the anti-nociceptive properties of glycine in the spinal cord.

While typically linked to acute inflammatory pain, there is evidence that PGE2 is an
important mediator in the chronification of pain. St-Jacquesa et al [37] compared the effects
of short- and long-acting PGE2 analogs on pain chronicity in rats. Injection of a long acting
form of PGE2 (dmPGE2) produced allodynia that lasted significantly longer than the short-
acting form [37]. Interestingly, the length of the allodynia increased at an accelerating, non-
linear pattern with subsequent injections of dmPGE2 [37]. This result suggests that repeated
or prolonged exposure to PGE2 facilitates long-term allodynia, an effect that is analogous to
chronic pain [37]. The proposed time-dependent effect in PGE2-induced pain chronicity is
summarized in Figure 3. More work is needed to determine the specific role of PGE2 in the
chronification of pain. Similarly, more research is necessary to evaluate the potential for
NSAID-use to avert pain chronicity in those that have suffered acute injury.
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COX inhibitors, including ibuprofen, aspirin, and naproxen, non-selectively inhibit COX-1
and COX-2, causing a reduction in inflammatory eicosanoids. Because eicosanoids work in
pathways other than inflammation, the action of NSAIDs can lead to significant side effects
[33, 38, 39]. In an effort to reduce unwanted off-target effects, selective COX-2 inhibitors
were developed [38]. Despite being excellent inhibitors of inflammatory eicosanoid and
prostaglandin production, studies showed that rofecoxib (a COX-2 inhibitor) led to increased
risk of adverse cardiovascular events (including stroke and myocardial infarction) [33, 38,
39]. Increased risk of cardiovascular events is believed to be due to the selective inhibition of
endothelial prostacyclin (PGI2; a potent vasodilator) and the unopposed production of
thromboxane A2 by COX-1 (an activator of platelet aggregation and vasoconstriction) [33,
38, 39]. Thus, despite their efficacy in controlling inflammatory pain, rofecoxib was
removed from the market in 2004 [38] and other —coxibs have the distinction of carrying a
black box warning for cardiovascular risk.

Recently, the Coxib and traditional NSAID Trialists’ Collaboration (CNTC) conducted a
meta-analysis that compared traditional NSAIDs to COX-2 inhibitors. The goal of the
analysis was to evaluate the cardiovascular and gastrointestinal risk of both traditional
NSAID (tNSAIDs) medications and selective COX-2 inhibitors (coxibs) [40]. This analysis
showed that high doses of some tNSAIDs had cardiovascular risks that were
indistinguishable from the coxib drugs [40]. Their analysis also showed that tNSAID
medications increased the risk of heart failure and upper gastrointestinal complications by
2-4 fold. Coxibs, like tNSAIDs, increased cardiovascular risk; however coxibs had fewer
gastrointestinal complications than tNSAIDs [40]. Interestingly, CNTC identified no
increased risk of stroke in any of the tNSAIDs or coxibs studied [40]. This meta-analysis
suggests that COX-2 inhibitors may have a more advantageous risk-benefit ratio than most
other NSAIDs.

Nonetheless, NSAIDs remain the most frequently used analgesics. While there is ongoing
discussion surrounding potential NSAID side effects and the potential clinical use of COX-2
specific inhibitors, inhibition of eicosanoids remains a key target site to intervene and
alleviating acute and chronic pain.

3.6 Endogenous opioids and opioid agonists

While volumes could be written about the analgesic action of opioids, the main objective of
this article is to summarize some of the recent studies into their pain-relieving properties,
limitations, and interactions with other pain pathways. Agonists of opioid receptors are well-
known for their ability to modulate pain. Recently, Mizoguchi et al [41] noted cessation of
pain-associated behaviors in rats after the infusion of endomorphins. Specifically, after acid-
sensing ion channel agonists were administered to the rats (inducing pain) it was found that
agonism of p-opioid receptors inhibited spinal pain transmission in the subjects [41].

While widely used and highly valued for their pain-relieving properties, opioids carry
negative side effects including respiratory depression and adverse gastrointestinal effects.
However research is being conducted to find solutions to these adverse events. Dual opioid
therapy, for example, has been shown to decrease rates of gastrointestinal effects compared
to mono-opioid therapy. In one study, patients treated with a combination of morphine-
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oxycodone were compared to patients treated with oxycodone-acetaminophen following
total knee arthroplasty [42]. Patients in the dual opioid group reported a 15% rate of adverse
gastrointestinal effects compared to a 50% rate in the oxycodoneacetaminophen group [42].
A similar study in patients following bunionectomy has shown comparable results [42].
Together, these studies suggest that dual opioid therapy may have advantages
postoperatively in treating pain while reducing side effects [43]. Similarly, Tapentadol is a p-
opioid agonist and norepinephrine reuptake inhibitor that has been found to have fewer
gastrointestinal effects, such as constipation and vomiting [44]. Imanaka et al [44] found that
Tapentadol was able to induce pain control in 84% of patients with terminal cancer-related
pain according to self-reported scores [44]. The majority of the un-controlled patients did
report some degree of improvement in their condition on Tapentadol [44]. Due to an
improved side effect profile and good analgesic efficacy, it may be clinically appropriate to
consider using Tapentadol before traditional opioid agonists whenever possible.

Traditional opioid medications exert their action through p-opioid receptors with seven
transmembrane domains. Recent research has confirmed the existence of splice variants of
the seven transmembrane domain receptors, specifically six transmembrane p-opioid
receptors [45]. Importantly, a new opioid medication, 3-iodobenzoyl-6p-naltrexamide
(IBNtxA), works exclusively through the six transmembrane domain receptor [45]. One
study found that IBNtxA achieves analgesia without the characteristic opioid medication
side effects of respiratory depression and physical dependence [45]. Accordingly, developing
new drugs that act on p-opioid receptors with six (rather than seven) transmembrane
domains may lead to opioid analgesics that achieve pain relief with neither respiratory
depression nor addiction potential.

Tramadol has activity as an opioid agonist, norepinephrine re-uptake inhibitor, and serotonin
re-uptake inhibitor [46]. As it has been noted to cause nausea and vomiting, particularly in a
post-operative setting, it has been used less than morphine post-operatively [46]. Pang et al
[46] combined Tramadol with Metoclopramide (anti-emetic and analgesic) and found the
efficacy of the combination to be equal to morphine with comparable side effects. Pang et al
[46] proposed the combination of Tramadol and Metoclopramide to be a suitable substitute
for patients that cannot receive morphine.

Another well-known complication of chronic opioid use is the development of tolerance and
hyperalgesia. It has been shown that when ultra-low dose naloxone is administered with
morphine it may restore the analgesic effects of morphine [47]. Recently studies have begun
to elucidate the mechanism by which this occurs. One study implicated the involvement of
microglial activation in the development of morphine-induced hyperalgesia [48]. Microglial
cells are thought to cause abnormal pain signaling following injury as they activate and
secrete inflammatory cytokines. In this study, the authors demonstrated that ultra-low dose
naloxone resulted in decreased microglial activation and inflammation via an opioid-
receptor independent mechanism [48]. Lin et al [49] found that ultra-low dose naloxone
combined with morphine injected intrathecally into rats was associated with an increase in
IL-10 [49]. Injecting recombinant rat IL-10 with morphine alone restored sensitivity to
morphine analgesia [49]. Thus it is likely that one mechanism by which ultra-low dose
naloxone resensitizes rodent test subjects to morphine is via upregulation of IL-10
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expression and decreased neuroinflammation. The development of drugs that inhibit
microglial cell activation may yield exciting combination medications when added to
opioids for the treatment of chronic pain.

Interestingly, research has shown the existence of dimerization between different opioid
receptors and between opioid receptors and other pain receptors. Jordan et al [50], for
example, demonstrated dimerization of 6 and x opioid receptors. Other combination
receptors include p-nociception receptor (NOP, previously named opioid-receptor like-1
receptor) and pu-NKZ1 receptors [50, 51, 52]. One study showed that, when compared to p-
opioid receptor 1, u-NK1 receptors showed a distinct pathway of receptor internalization and
delayed re-sensitization following exposure to NK1-selective ligands [52]. This suggests a
possible role for NK1 receptors in developing tolerance to opioid medications when coupled
with y-opioid receptors as a heterodimer. Recently, hybrid molecules have been developed to
take advantage of these dimers with the aim of improving opioid pain control. In one study,
a hybrid was made from an opioid pharmacophore and an NOP ligand [53]. When compared
directly to morphine, this hybrid showed later onset of action, but longer acting pain relief in
a rodent pain model [53]. Opioid receptor dimers and associated hybrids provide a new area
within opioid pain research. These agents have the potential to generate efficacious
analgesics, minimize opioid side effects, and may shed light on the mechanisms of opioid
tolerance and addiction.

Research suggests that long-term opioid use can lead to epigenetic changes. Doehring et al
[54] found that, compared to non-addicted controls, opioid addicts have changes in DNA
methylation in OPRM1, the gene that encodes the mu opioid receptor. In addition, patients
treated for pain with opioid agonists for at least one year were found to have increased DNA
methylation in the OPRM1 gene compared to non-opioid treated patients [54]. It is
speculated that the correlation between DNA methylation and opioid use is associated with
decreased p-opioid receptor transcription. Similarly, Chao et al [55] found that epigenetic
modification of the brain-derived neurotrophic factor (BDNF) gene in dorsal root ganglion
(DRG) neurons following repetitive morphine exposure was associated with the
development of hyperalgesia in rats. Specifically, methylation of an exon promoter in the
BDNF gene was decreased following repeat morphine administration leading to an increased
expression of BDNF in DRG neurons which correlated with increased nociceptive behavior
in rats [55]. The increased response to pain was mitigated with administration of anti-BDNF
IgG [55]. In addition, administration of 5-aza-2”-deoxycytidine, an inhibitor of DNA
methylation, also increased BDNF expression in DRG neurons and was associated with the
development of pain hypersensitivity in the rats [55]. The findings of these studies support
epigenetic causes of opioid resistance in response to chronic opioid administration. New
therapies that manipulate epigenetic processes may have the potential to increase opioid
effectiveness via changes in opioid receptor density.

In addition to decreased effectiveness with chronic use, many clinicians have noticed that the
effect of opioids is attenuated by the presence of nerve injury. This observation is validated
and supported by the research. For example, one study tested the expression of p-opioid
receptors in rats. In this study, the rats were subjected to nerve injury via spinal nerve
ligation [56]. Importantly, in response to nerve injury (spinal nerve ligation), the expression
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of both p-receptor mMRNA and mu receptor-related proteins decreased [56]. More recently, a
group has managed to characterize and describe these changes [57]. This study observed that
down-regulation of mu opioid receptors occurs in the dorsal root ganglion, but not the spinal
cord [57]. The authors of this study also used mice with a knockout Ehmt2 (a histone
methyltransferase) and observed that the knockout mice did not experience nerve-injury
related resistance to opioid therapy [57]. This finding suggests a possible epigenetic cause of
nerve injury related opioid resistance. Other research suggests that early management of
nerve injury-related pain with opioid agonists prolongs chronic pain and may in fact
interfere with endogenous pain mediators. In one study rats were treated with sciatic chronic
constriction injury (CClI) or sham injury followed by treatment with morphine [58]. Rats
treated with morphine showed a significantly longer duration of lower pain threshold in both
the CCI and sham group, with much larger effects noted in the CCI group [58]. Thus, it is
theoretically possible to prolong conditions of chronic pain with early introduction of opioid
medications.

While opioids represent the gold standard for pain relief, the authors note that the majority
of recent articles on opioid analgesia focus on management of side effects and addiction, as
well as finding suitable non-opioid substitutes. A summary of the studies investigating the
use of other drugs to modulate opioid effectiveness, addiction, or side effects is shown in
Figure 4. Opioid drugs provide powerful analgesia; however, the potential for addiction,
tolerance, overdose, and other negative effects hinder their utility, demonstrating the need for
development of other classes of analgesics.

3.7 Gamma aminobutyric acid (GABA)

GABA is the most widely distributed inhibitory neurotransmitter in the CNS and plays an
important role in CNS nociception. The inhibitory action of GABA in maintaining
subthreshold membrane potentials includes inhibition of pain transmitting fibers: activation
of both GABAa and GABAVD receptors is linked to decreases in nociceptive signaling.

The current GABA agonists in the pharmacopeia (e.g., benzodiazepines) are not typically
clinically used for analgesia primarily due to potent sedative-hypnotic profiles. Because
sedation is primarily produced by activation of GABAa-a.1 receptors, it follows that work
related to subunit selective GABA agonists with different pharmacologic profiles would
attract significant attention [59]. The potential for GABAergic analgesic development is
bolstered by the identification of distinct GABAa subunit populations in the dorsal horn of
the spinal cord and on primary afferent neurons [60]. Significant work has been performed
in this area. As an example, researchers have described the GABAa-a.5 selective actions of
NS11394 relative to a number of therapeutic areas including inflammatory and neuropathic
anti-nociception in rat models [61, 62, 41]. In response to nociceptive stimuli, they
demonstrated decreased activity of pain transmitting C-fibers, nociceptive spinal nerves, and
possibly also central circuits [61, 62]. Unlike typical benzodiazepines, these agents are able
to produce significant analgesia without producing sedation. Ultimately, such an agent
would have tremendous clinical potential. GABA remains effective until sodium chloride
dependent GABA transporters (GAT) remove GABA from the synaptic cleft. Four subtypes
of GATSs have been described (GAT-1, GAT-2, GAT-3, and BGT-1). Some researchers have
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evaluated the effects of increasing GABA by decreasing the activity of GATs. Two such
studies demonstrated a decreased sensitivity to pain in GAT-1 knockout rats [63, 64].
Additionally, both of these studies showed that rats with overexpression of GAT-1
experienced hyperalgesia [63, 64]. Furthermore, the role of GAT antagonism in the
treatment of human neuropathic pain is enhanced by the off-label use of the anticonvulsant
drug, tiagabine [65]. These studies are conclusive: increased GABA in pain transmission
systems leads to decreased pain sensation. Conversely, decreased GABA in pain
transmission systems contributes to hyperalgesia.

A study by Kataoka et al [66] investigated the role of GAT-3 by administering differing
doses of a GAT-3 inhibitor to different, rodent-based pain models. Specifically, Kataoka et al
[66] applied thermal, mechanical, and chemical stimuli to induce pain in the subjects,
followed by administration of a GAT-3 inhibitor. The result was an increase in the
withdrawal threshold (indicative of pain) in the thermal pain model without an observed
change in the rat's response to mechanical pain [66]. Interestingly, while GAT-3 inhibition
did not affect chemically-induced pain in the early model, it was observed to inhibit the
nociceptive response to persistent chemically-induced pain [66]. Katoaka et al [66]
concluded that GAT-3 inhibitors could have utility in treating pain in clinical practice,
especially in the setting of acute thermal injury and chronic neuropathic pain.

Because the physiologic action of GABA is the result of receptor-binding and ion flux,
factors that affect ion (e.g., chloride) gradients influence the strength of GABA action.
Relevant to the discussion of neuropathic pain transmission are the actions of two chloride
cotransporters within the spinal cord: Na*-K*-2CI~ cotransporter (NKCC1) and K*-CI~
cotransporter (KCC2). NKCC1 serves to transport chloride into the cell, thus decreasing the
chloride gradient and decreasing GABA action [67]. Conversely, KCC2 transports chloride
out of cells effectively increasing the chloride gradient allowing for a more robust GABA
response [67]. In the context of neuropathic pain, increased NKCCL1 or decreased KCC2
activity results in enhanced pain transmission due to less profound GABAergic
neurotransmission [67]. These physiologic pathways reveal an interesting avenue for anti-
nociception research. The human diuretic bumetanide, a known NKCC1 antagonist, when
intrathecally administered to rats with capsaicin-induced neuropathic pain, caused the
subjects to exhibit less neurogenic inflammation and hyperalgesia [68]. While
mechanistically interesting, the human use of bumetanide for neuropathic pain is not yet
optimized as NKCC1 is widely expressed and has varying functions. However, a promising
approach to the treatment of neuropathic pain was revealed by Gagnon et al [69] who
identified CLP257 as a selective KCC2 activator. In a rat model, the effects of CLP257 were
limited to the spinal cord and caused increased KCC2 expression, and alleviated pain
hypersensitivity [69]. Similar physiological interactions with ion cotransporters are seen in
glycine neurotransmission.

Zhang et al [70] investigated epigenetic changes that impair GABAergic synapses, leading to
pain hypersensitivity. Interestingly, isolated suppression of central GABAergic synapses |
eads to a chronic pain state [70]. Tao et al [71] added to this work, noting that alteration of
the histones suppressing the expression of the Gad65 gene, which is essential to the pain-
relieving function of GABA, reduces the pain-related behavior of Gad65 deficient test
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subjects. By showing the presence of prolonged pain states in GABA deficient subjects,
these studies underscore the importance of GABA in pain suppression and chronicity.

In another study, Zhang et al [72] tested the effect of the brain's reward system on opioid
addiction. Significantly, Zhang et al [72] showed that inflammatory pain predisposes
sufferers to increased reward-center responses to opioids. Moreover, down-regulation of
GABA receptors in the amygdala is involved in this process [72]. Simultaneously,
pharmaceutical activation of GABA receptors in the amygdala was observed to decrease
pain and reduce the reward-center response to opioids [72]. This significant study suggests
that GABA receptors could play an important role in both management and prevention of
opioid addiction.

As is the case with other factors in pain transmission, GABA interacts and intersects with
other pain transmission pathways. For example, Yuan et al recorded inhibitory and
excitatory nociceptive conduction currents while exposing rodent spinal cords to
phenylephrine (an alpha-1 adrenergic activator). They noted that alpha-1 signaling
significantly decreased excitatory transmission [73]. Adrenergic effects on pain transmission
are discussed separately; however, the anti-nociceptive effect observed by Yuan et al [73]
was observed to be blocked by GABAa receptor antagonists and, to a lesser degree, GABAD
antagonists. This study supports a role for alpha-1 acting pharmaceuticals for use in
generating pain relief via GABA pathways.

A vast literature addresses potential agents that provide analgesia by increasing inhibitory
signals in pain transmitting neurons. In the future, GABA activity will likely underlie new
pharmacological pain medications.

3.8 Glutamate

While there are many excitatory amino acids that could contribute to nociception, this
review will focus on glutamate and its receptors as a prototype of excitatory amino acids.
Glutamate is the most common excitatory neurotransmitter in the central nervous system.
Four glutamate receptors are important in the role of glutamate in pain transmission: a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate
(NMDA), kainate, and metabotropic glutamate receptors [74 - 76]. In addition to its role in
pain transmission, a significant body of research investigates the role of glutamate and its
receptors in pain modulation. As pain modulation lies outside the scope of this review, this
information is not treated here.

As the most prevalent excitatory amino acid, agents that affect glutamate pathways can
directly affect pain transmission. For example, alpha-2 adrenergic receptors are known to
produce analgesia by inhibiting glutamate-mediated pain signals [77]. To elucidate this
process, Wang et al studied alpha-2 antagonists in a mouse model. They noted calcium/
calmodulin-dependent protein kinase 1l (CaMKII) to be an abundant protein of the
nociceptive synapse [77]. They showed that alpha-2 antagonists inhibit the auto-
phosphorylation of CaMKI|I, proposing that reduced CaMKI|I activity may lead to
dephosphorylation of NMDA and AMPA glutamate receptors and a corresponding decrease
in nociceptive transmission [77].
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Glutamate injection into the masseter muscle of human test subjects has been noted to
increase perceived pain quantity, distribution, and intensity [78]. A study of monosodium
glutamate (MSG) reached similar conclusions: orally administered MSG invoked muscle
tenderness and headache in test subjects [79]. Studies like these make it clear that glutamate
and its receptors play an important role in the process of pain transmission.

In a human model, Truini and colleagues [80] showed that N-actetylcysteine (NAC) inhibits
nociceptive transmission via activity at glutamate receptors. Truini et al [80] propose testing
and ultimately using NAC for the treatment of pain. Similarly, Nam et al [81] found specific
antagonists of metabotropic glutamate receptors to mediate analgesia in rodent test subjects.

Ketamine is an established anti-nociceptive agent that works at NMDA receptors. One study
evaluated the effect of ketamine on a post-stroke model of pain in rats. In this study, central
sensitization of NMDA receptors was proposed to be related to neuropathic pain [82]. To
investigate this hypothesis, the authors administered ketamine to post-stroke rats and
observed improvement in the rats’ allodynia [82]. This study would support further
investigation of a role for NMDA receptors the treatment of neuropathic pain.

A concern surrounding ketamine use is related to its safety profile. For example, decreased
motor coordination was noted in rats that received ketamine treatment [82]. Ketamine safety
has been probed in a variety of clinical studies. One study that evaluated intranasal ketamine
for pain control in an emergency department setting cited concerns about ketamine safety
[83]. The study concluded that, based on a visual analog pain score, most of the study
subjects received pain relief from the ketamine [83]. At the same time, they noted only mild
or transient side effects in this population [83].

A systematic review [84] of several randomized, controlled trials of perioperative ketamine
use as an adjunct to existing pain methods (opioids) demonstrated significant efficacy. In
fact, the analysis showed decreased postoperative total opioid use and increased time to first
analgesic consumption [84]. Interestingly, the analgesic effect of ketamine was greatest
following major surgery (e.g., cardiothoracic). Side effects such as hallucinations and
nightmares were increased but sedation and postoperative nausea and vomiting were
decreased secondary to corresponding decreases in opioid use [84]. While ketamine's
clinical use continues to be hampered by concerns over potential side effects, an increasing
group of studies support the use of ketamine for providing analgesia.

Other agents have been noted to target NMDA receptors. These agents, including Src and
Casein Kinase Il (CK2 kinase), may also be potential targets for achieving therapeutic
analgesia, particularly in the setting of chronic pain. CK2 kinase, for example, has been
noted to be involved in the process of pain hypersensitivity that can occur in the setting of
calcineurin inhibitor use [85]. Similarly Src phosphorylation of NMDA receptors has been
linked to intractable pain [86]. Additionally, the actions of the magnesium ion is known to
be inhibitory to NMDA activity. This likely explains its sedative, relaxant, and analgesic
effects. A meta-analysis [87] evaluating the outcomes of perioperative magnesium infusion
showed decreased total morphine use, decreased pain by visual analog score 4-6 hours after
surgery, but no decreased pain by visual analog score 20-24 hours postoperatively. NMDA
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receptor modulators, including both ketamine and non-ketamine agents, may hold clinical
potential for treating pain.

Ko et al [88] observed an increase in metabotropic glutamate receptor expression in response
to neuron damage and demyelination in ligated rat nerves. Ko et al [88] identify glutamate
receptors as a primary potential target in the pharmaceutical treatment of pain
hypersensitivity due to nervous system damage. Similarly, Qiu et al [89] showed that
ligation of rat nerves led to up-regulation of AMPA receptors and increased excitatory
activity at pain synapses. The role of glutamate receptors in the development of chronic pain
is summarized in Figure 5. Given that up-regulation of glutamate receptors contributes to
hyperalgesia, increased glutamate receptor concentrations on pain-sensing neurons could be
a factor in the initiation of chronic pain states.

Like NMDA receptors, AMPA receptors are known to play an important role in glutamateric
pain transmission. Chen et al, for example, studied nerve injury-mediated changes in the
AMPA receptors of rats. They found that the GIuA2 subunit of the AMPA receptor becomes
internalized in response to nerve injury [90] Moreover, they link this internalization process
to the development of chronic pain in the test subject population [90]. This study suggests
that the composition of subunits of the AMPA receptor may be a factor in pain chronicity.

Microglia are well known to contribute to the development of neuropathic pain (Figure 6).
Among other mediators, microglia releases TNF-a in response to nerve damage. The release
of TNF-a increases the excitatory, glutamatergic effect on pain transmission in the
substantia gelatinosa while simultaneously decreasing the GABAergic effect [91]. An
important intermediate in this process is CC chemokine ligand 2 (CCL2). Remarkably,
Huang et al [91] found that both inhibition of microglial activation and the use of selective
TNF-a antagonists could prevent CCL2-mediated hyperalgesia in a rat model of thermal
hyperalgesia.

As an important excitatory pain neurotransmitter, glutamate receptor antagonists present a
particularly interesting area for the development of novel pain relieving pharmaceuticals.

Glycine is an important neurotransmitter that induces widely variable physiologic responses
depending on the receptor to which it binds. Glycine binds to glycine receptors resulting in
influx of hyperpolarizing, inhibitory chloride. Glycine also acts as a co-ligand with
glutamate to the excitatory N-methyl-D-aspartate (NMDA) receptors. Accordingly, glycine
has been shown to play a role in both activating and inhibiting pain transmission throughout
the central nervous system.

In the spinal cord, glycine (along with GABA)) is crucial to the inhibition of pain
transmission (Figure 7). The dorsal horn of the spinal cord, which represents an early
synaptic center of nociception, is rich with inhibitory glycine receptors [92]. The peripheral
transmission of pain is met by inhibitory glycinergic influences to limit central pain
transmission [92]. This relationship is pathophysiologically important: the genesis of chronic
pain is thought to be related to imbalances of inhibitory and excitatory neurotransmission
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[93]. The concept of glycine receptor agonists is a theoretically attractive avenue to be
pursued because the effects of these drugs could likely be restricted to the spinal cord [94].
The local effects of glycine agonists stand in contrast to the systemic effects of
benzodiazepines (GABAa receptor agonists) that are commonly used for their sedative-
hypnotic profile.

Agonists of spinal glycine receptors are few in number but still represent an active area of
research. Isovaline, an amino acid with analgesic properties, acts at a number of receptor
types, including glycine receptors [95, 96]. MacLeod et al [95] experimented with isovaline
to inhibit strychnine-induced pain in mice. Strychnine, a glycine receptor antagonist, causes
pain via disinhibition of pain transmitting neurons [95]. Intravenous and intrathecal
administration of isovaline showed promising analgesic effects; notably, without
considerable systemic toxicity [95]. Asseri et al [96] demonstrated similar results, again
without considerable CNS toxicity. Researchers have also used rats to study the anti-
nociceptive effects of gelsemine, a plant-derived alkaloid with a mechanism similar to
isovaline [97, 98]. Their work noted both analgesic efficacy and identified the specific
glycine receptor subunit to which gelsemine binds [97, 98]. These results suggest that
glycine agonists could find clinical use in a human model, with isovaline being the
prototypical agent.

Synaptic concentrations of glycine are greatly influenced by the glycine transporter GlyT2.
GlyT2 functions in the reuptake of glycine from the synaptic cleft, effectively reducing the
concentration and action of glycine. GlyT2 has been the recipient of academic attention
because inhibition of glycine reuptake increases glycinergic neurotransmission and reduces
pain. As an example, Haranishi et al [99] administered intrathecal GlyT2 antagonists in a rat
model of pain and observed decreased pain-related behavior. Numerous other studies,
ranging from chemical antagonists to knockout studies, showed similar analgesic results
[100, 101, 102, 103]. Unfortunately, due to concerns of toxicity, lethality, and narrow
therapeutic windows, pharmaceutical companies discontinued their work in this area.
Despite this significant setback, Meur et al [103] maintained interest in this field and
discovered that the irreversible mechanism of action of GlyT2 antagonists was largely
responsible for their toxic effects. Their work suggested that reversible antagonists of GlyT2
may demonstrate a more palatable side-effect profile [103]. With time and considerable
effort, GlyT2 may become a safe target for the treatment of pain in humans.

Briefly, it should be mentioned that the activity of GlyT2 is regulated by the activity of
adenosine P2Y receptors [104]. The activation of P2Y receptors, via a cascade of cell
signaling molecules, results in decreased GlyT2 activity [104]. It follows, then, that
increased P2Y activity may result in increased concentrations of glycine in the synaptic cleft
thereby inhibiting pain transmission. Indeed, the work of Ando et al [105] demonstrated that
selective agonism of P2Y 1 receptors significantly alleviated neuropathic pain in rats. This
alternative approach to GlyT2 receptors may represent yet another method for achieving
glycine-related analgesia.

Inflammatory pain is partially caused by prostaglandin E2 (PGE2) mediated inhibition of
glycine receptors in the spinal cord [35, 37]. The resultant disinhibition of pain transmission
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results in the central perception of pain. It is therefore logical to assume that the anti-
nociceptive action of NSAIDs, to some extent, is permissive to the action of glycine
receptors via the down regulation of PGE2 production. In other words, the pain relief
associated with NSAIDs may depend on the anti-nociceptive action of glycine.

Despite its intricacy, the physiology of glycine in pain transmission is well understood
(Figure 7). In this article, we emphasize the potential for glycine-related therapies to
provide relief for the debilitating complications of pain.

3.10 Histamine

Due to a variety of histamine receptors and anatomical distribution, histamine and histamine
receptors play a complex role in pain-related pathways. To study the nociceptive role of
peripheral H1 receptors, Mobarakeh et al [106] evaluated reactions to painful stimuli in H1-
knockout mice. Mice that lacked the H1 receptor consistently displayed decreased pain-
related behavior when subjected to painful stimuli [106]. Additionally, after administration
of H1 receptor antagonists to wild-type mice, Mobarakeh et al [106] noted delayed
responses to painful stimuli. Anoush et al [107] induced pain by injecting formalin into the
paws of rats and evaluated the effects of two H1 receptor antagonists: ketotifen and
fexofenadine. They found ketotifen to have an effect equal to diclofenac (an NSAID) in both
the acute and chronic phases of pain [107]. Similarly, fexofenadine provided significant,
albeit less, pain relief [107].

The use of antihistamine medications for pain management is not a new practice. Roughly
fifty years ago intravenous hydroxyzine was evaluated for efficacy during minor, but painful,
dermatologic procedures [108]. The majority of subjects reported decreased pain [108].
Intramuscular administration of hydroxyzine, in combination with morphine, was found to
have superior analgesic effects to morphine alone [109]. A drawback, however, to
administration of antihistamine medications in pain management is added sedation [109].
Another study evaluated the analgesic efficacy of hydroxyzine versus meperidine, an opioid,
in patients with metastatic cancer [110]. Hydroxyzine displayed superior efficacy [110]. In
an emergency department-based study, patients with migraine headaches were randomized
to receive ketorolac, an NSAID, or a meperidine-hydroxyzine combination [111]. The
efficacy of pain relief was found to be equal between the two groups [111].

Interestingly, the peripheral and central effect of histamine receptors appears to exert
opposite effects on pain transmission. Erfanparast et al [112] found local agonism of H1 and
H2 receptors in thalamic nuclei of rats to be anti-nociceptive to formalin induced pain. They
also noted an interaction between thalamic H1 agonists and opioids. Anti-nociception was
greater when H1 agonists were administered simultaneously with morphine [112]. The anti-
nociceptive effects of the H1 and H2 agonists were attenuated in the presence of naloxone,
an opioid receptor antagonist [112]. The opposite was also true: the anti-nociceptive effect of
morphine was attenuated in the presence of H1 and H2 receptor antagonists [112]. These
findings are consistent with those of other studies that demonstrated that microinjection of
histamine into specific areas of the brain produce analgesia [113 - 117]. Tamaddonfard et al
[118] explained that morphine, primarily via mu-receptors, induces the release of histamine
in various regions of the brain, leading to synergistic pain relief.
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Sanna et al [119] studied the effects of agonism of neuronal H4 receptors in pain
transmission. They found that activation of H4 receptors, primarily in the dorsal root
ganglia, resulted in altered MAP kinase signaling and ultimately decreased pain
transmission [119]. H4 receptor agonists are currently an active area of research, with some
compounds being studied in clinical trials [120]. It is believed that, with time, H4 receptor
agonists may find use in the treatment of a number of pathologies, including inflammatory
and neuropathic pain [120].

Histamine also upregulates expression of the voltage-gated sodium channel 1.8 (Nav 1.8)
and is therefore further implicated in painful processes. Specifically, Yue et al [121] cultured
dorsal root ganglia neurons in the presence of histamine and noted a significant increase of
Nav 1.8 channels. Interestingly, this increased expression was inhibited only by H2 receptor
blockers (e.g., famotidine) and not by antagonists of H1 or H3 receptors. These findings are
consistent with those of Yu et al [122].

Further still, Wei et al [123] noted increased noradrenergic activity in the locus coeruleus of
rats when treated with histamine. This increased noradrenergic activity ultimately resulted in
increased descending pain inhibition. This relationship appears to be related to the activity of
H2 receptors as zolantidine, an antagonist of H2 receptors, inhibited any noradrenergic-
related decrease in pain hypersensitivity [123].

In summary, histamine agonism and antagonism both represent viable pharmacologic targets
for inducing analgesia. Additionally, histaminergic interaction with other pain pathways,
particularly opioids, could become clinically significant in achieving better control of
painful symptoms.

3.11 Nerve growth factor

Neurotrophins are a family of proteins that are involved in many neural and physiological
processes including apoptosis, axonal growth, neuropathic pain, integrin activation, muscle
soreness, endometriosis-related pain, and the development of chronic pain states (such as
osteoarthritis and lower back pain) [124 - 131]. Nerve growth factor (NGF) is the
prototypical member of the neurotrophin protein family. NGF has been implicated in
inflammatory and non-inflammatory, mechanical and thermal hyperalgesia [125, 132].
However, NGF has also been demonstrated to have an anti-nociceptive effect when
administered in smaller quantities [133]. Interestingly, in the right location and at the right
concentration, NGF may even be cardioprotective [126].

The dichotomous nature of NGF has not hindered development of NGF blocking drugs
which are effective in the treatment of several types of pain, including chronic low back pain
and osteoarthritic hip and knee pain [134, 135]. Importantly, anti-NGF antibodies are
currently in trials for clinical use [136]. Gow et al [136] showed in phase 1 trials that anti-
NGF antibodies are well tolerated and could be efficacious in the treatment of osteoarthritic
pain via antagonism of NGF and hampering NGF action with its receptors. The promising
results of anti-NGF antibodies, however, may only be the beginning of research into NGF as
an important factor in pain. Isa and colleagues [132], for example, used high molecular
weight hyaluronic acid hydrogels (hydrogels) to alleviate inflammation and decrease NGF,
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and found that inflammation causes degeneration of the nucleus pulposus and increased
generation of NGF. These hydrogels were shown to decrease inflammation, decrease NGF
expression (which subsequently decreases NGF activity at its receptors), and provide a good
environment for regeneration of the nucleus pulposus [132].

NGF has been implicated in the process of pain chronicity. For example, Lopez-Alvarez et al
[130] showed that NGF release in hyper-excitable neurons may contribute to chronic pain
states. Interestingly, increasing-intensity treadmill exercise helps to avoid neuronal
“sprouting” and increased NGF secretion that contribute to this type of neuropathic pain
[130]. Eskander et al [131] went one step further by determining the mechanism of NGF-
mediated pain chronification. In a rat model of NGF-induced persistent hyperalgesia, NGF
was observed to contribute to a hyperalgesic state by incre asing the activity of pain-
transducing TRPV1 channels and through oxidative processes [131]. Investigating methods
to attenuate the NGF response to decrease the incidence of neuropathic pain is another
interesting avenue in neurotrophin research.

Significant work has been done in evaluating the role of NGF in endometriosis-related pain.
Chen et al [128] used a mouse model of endometriosis to test the effect of a treatment on
NGF. This study found that the group's treatment led to decreased pain behaviors and
decreased NGF in the mice [128]. Luvone et al [129] found NGF to play a role in both
endometriosis- and ureteral calculosis-related pain. Specifically, ultramicronized
palmitoylethanolamide (PEA-um) was noted to decrease pain-related behaviors in rat
models of endometriosis and ureteral calculosis [129]. The effect of PEA-um was linked to
decreases in NGF (as well as other factors) [129].

Unfortunately, NGF has been associated with rapidly progressive osteoarthritis (OA) in a
number of studies. One study mentioned a “causal link” between increased NGF and the
pain associated with osteoarthritis [137]. This study went on to evaluate the structural
changes that occur in OA and noted increased NGF to be a feature of OA [137].
Significantly, NGF accumulation in OA and acceleration of bone damage can occur in the
absence of joint pain [137]. In a review that combined the findings of several studies the
authors noted that, despite its promise as a potential analgesic, NGF-targeting agents
increase the risk of both OA and potential joint replacement [138]. Interestingly, this paper
observed the bone destructive effects of NGF to be more significant when paired with
NSAIDs [138]. Thus, despite evidence showing NGF to be an attractive pharmaceutical
target for pain, side effects may limit its potential usefulness.

Research in NGF and other neurotrophins has identified novel targets for providing
significant pharmacologic pain relief. Continued research into the role of neurotrophins in
pain chronicity may yet yield additional methods for treating or avoiding pain, particularly if
agents with a favorable side effect profile can be identified.

3.12 Neuropeptide Y

Many research groups have used knockout mice to study the role of Neuropeptide Y (NPY)
in pain transmission. Naveilhan et al [139], for example, observed mechanical
hypersensitivity and increased development of hyperalgesia in response to acute thermal and
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chemical stimuli in mice lacking the NPY receptor Y1. Naveilhan et al [139] alluded to
NPY-induced inhibition of substance P release (and perhaps other pain-related
neurotransmitters) as a potential cause of NPY-related hyperalgesia. Similarly, Shi et al
[140] observed increased mechanical hypersensitivity in their NPY knockout mouse model.
Shi et al [140] considered the role of NPY in cell survival and influence on dorsal horn
neurotransmitters as potential causes of the hyperalgesia. Interestingly, Shi et al [140] also
noted a significant increase in the body weight of NPY knockout mice, an observation that
has been verified in other NPY knockout studies. Other studies have emphasized the role of
NPY in a human model. For example, Wang et al [141] found the concentration of NPY to
be significantly higher in the knees of patients suffering from knee osteoarthritis. Perhaps
more interestingly, as the pain level (as judged by two different pain score systems)
increased, the concentration of NPY showed concomitant increase [141]. A study by
Bokarewa et al [142] evaluated the role of tobacco (cigarette smoking) in women with
fibromyalgia. Interestingly, the women who smoked reported significantly higher levels of
pain [142]. At the same time, these women who smoked were found to have altered levels of
leptin and NPY [142].

Boateng et al [143] identified ATF-3, GAP-43, NPY, and galanin as indicators of nerve
damage in a mouse model of neuropathic pain. Interestingly, these authors suggested that
increases in NPY, which is generally anti-nociceptive, may serve the physiologic purpose of
decreasing the increased pain sensitivity that is tied to new-onset neuropathic pain.

Sathyanesan et al [144] showed that indomethacin (an NSAID) changes the transcription of
a variety of genes, including those linked to NPY. NSAIDs decrease NPY concentrations in
the central nervous system, a result that would be seemingly be pro-nociceptive [144].
Sathyanesan et al [144] propose that, centrally, NPY may play a role in the body's response
to stress and that indomethacin may lead to sub-ideal behavioral responses to stress.

While often linked to pain, NPY has been shown to play a role in a variety of pathologies
and processes. One study even suggested that polymorphisms in genes related to NPY may
have predictive power for identifying women at risk for osteoporosis [145]. Similarly,
Carvajal et al [146] noted that, in NPY Y2 receptor knockout mice, NPY seemed to play a
role in anxiety and depression. Moreover, they suggested that NPY Y2 receptors could be a
potential target for human anxiolytics and antidepressants [146].

While active in a variety of settings, evidence exists for action at NPY receptors to have
possible clinical utility. Further research in human models are warranted to evaluate the role
of NPY in pain chronicity and the possibility of using drugs that act at NPY receptors to
mediate analgesia.

3.13 Nitric oxide synthase (NOS)

Nitric oxide (NO), synthesized in response to the activation of NOS, is an important player
in both inflammatory and neuropathic pain. Gautam et al [147] evaluated the changes in NO
tied to incisions into the paws of rats. After establishing increases in NO in response to
incision, there was decreased post-incision nociceptive behavior in rats that were treated
with nitric oxide synthase (NOS) inhibitors. In a study with a similar emphasis on the
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importance of inflammation in the pain response, Khan et al [148] studied the effect of two
distinct coumarin drugs on mediators of inflammation. Significantly, these drugs decreased
the expression of NOS mRNA as well as other mediators of inflammation, including COX
enzymes [148]. The findings from these studies strongly support the role of NOS as a player
in the process of inflammatory pain.

Hervera et al [149] hypothesized that NO and NOS play a role in the efficacy of
cannabinoids and opioids. Using a mouse model of neuropathic pain, Hervera et al [149]
found that administration of nitric oxide synthases increased the efficacy of both
cannabinoids and opioids in reducing neuropathic pain. This response, they determined, is
linked to the activation of spinal nitric oxide-cGMP-PKG pathways [149]. Significantly, it
appears that NO increases the effectiveness of cannabinoids and opioids by increasing the
transcription of their receptors [149].

The potential clinical utility of pharmaceuticals that act on NOS is complicated by a variety
of factors. In some settings, like the increased transcription of cannabinoid and opioid
receptors in response to NO, NOS can be anti-nociceptive [149]. Conversely, inhibition of
NOS has been linked to decreased inflammatory pain [147]. Jin et al [150] explained that
NO has different effects on the nociceptive symptoms at different concentrations, in different
locations, and under different circumstances. These investigators found that NO increases
glycinergic (inhibitory) pain transmission while simultaneously reducing glutamatergic
(activating) transmission, a fact that may explain its anti-nociceptive action at the level of the
spine.

While a variety of studies have identified and characterized the action of NOS in pain
transmission, problems remain in using NOS as a pharmaceutical target. Further research is
needed to identify therapies for achieving analgesia via action on NO and NOS.

3.14 Norepinephrine

Norepinephrine and other agonists of a-receptors, particularly a2 receptors, have been
shown to mediate analgesia. Maire et al [151], using a rat model, showed that descending
pain modulatory neurons from the amygdala affect pain transmission via the activation of
central alpha-2 adrenergic receptors. This effect mediates decreased pain sensation [151].
Maire et al [151] observed that, while descending opioid modulation uses a similar pathway,
analgesia mediated by clonidine (an a2 agonist) is not inhibited by naloxone (an opioid
receptor antagonist) indicating an analgesic mechanism distinct from that of opioids.

Clonidine has been evaluated for use in spinal anesthesia. Singh et al [152] studied
Clonidine as an adjuvant to Bupivicaine in patients undergoing abdominal surgery. They
showed that spinal anesthesia that contained Clonidine and Bupivicaine provided longer-
lasting blockade of motor movement and sensation, as well as longer-term analgesia [152]
compared to giving Bupivicaine alone. Similarly, Sen and Sen [153] found Clonidine to be
an effective adjuvant to Bupivicaine and noted that patients who received Clonidine with
Bupivicaine waited longer after surgery before requesting additional analgesia. In fact, a
meta-analysis by Blaudszun et al [154] that evaluated systemic a2-adrenergic agonists found
clonidine and dexmedetomidine (discussed below) to have significant analgesic efficacy.
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Dexmedetomidine, another a.2-adrenergic agonist, is widely used for the induction of
anesthesia. It has also been found to have analgesic properties. For example, in non-
cooperative pediatric patients, Surendar et al [155] found Dexmedetomidine, Midazolam
(benzodiazepine), and Ketamine (NMDA antagonist) to be similar in inducing anesthesia.
However, Surendar et al [155] noted that Dexmedetomidine and Ketamine produced
analgesia both intra- and post-operatively. In a dog model, Soto et al [156] provided intra-
articular injections of morphine, dexmedetomidine, saline, or a combination of morphine
and dexmedetomidine. While Soto et al [156] noted improved analgesia when a combination
of morphine and dexmedetomidine were given, Soto et al [156] noted no difference between
morphine and dexmedetomidine when given alone. If, in a human model, its analgesic
effects rival morphine, dexmedetomidine would represent a significantly under-utilized
analgesic.

The clinical effectiveness of a2 agonists is not limited to drugs that exclusively act on a2
receptors. As mentioned in the section exploring opioids, both Tramadol and Tapentadol
have norepinephrine reuptake inhibition properties which results in the stimulation of alpha
receptors. Additionally, pharmaceuticals like Duloxetine (a serotonin-norepinephrine
reuptake inhibitor; discussed in the Serotonin section) have been used to provide pain relief,
particularly in those with diabetic neuropathy [157]. The demonstrated effectiveness of
existing a2-adrenergic agonists [154], combined with their role in anesthesia makes a.2
agonists a potential source for generating new, powerful analgesic drugs.

3.15 Serotonin

Serotonin plays an important role both in providing analgesia and in modulating the effects
of other analgesic drugs. Bhosale et al [158], for example, studied the effect of serotonin
antagonists (Ondansetron) on Paracetamol (Acetaminophen) analgesia in patients that had
undergone ear, nose, and throat procedures. While they mentioned other sources that
conclude the opposite, Bhosale et al [158] concluded that Ondansetron increases the
analgesic action of Paracetamol in their study population: using two different pain scales,
they noted a significantly higher pain score in the placebo group. This study supports the use
of serotonin antagonists for increasing patient comfort and decreasing patient pain in a post-
operative setting. Importantly, there are also studies that have failed to support their use in
this setting [159, 160].

In a rat model, Ren et al [161] investigated the role of serotonin channels in reversing the
respiratory depression that can be caused by opioid agonists. Interestingly, Ren et al [161]
found 5-HT1A agonists (Befiradol) to reverse Fentanyl-induced respiratory depression
relative to a saline control. Befiradol was also found to reduce the duration of Fentanyl
analgesia [161]. Kim et al [162] evaluated the role of 5-HT1A receptors in the process of
inflammation-induced allodynia noting that, relative to other serotonin receptors, 5-HT1A
receptors affect nociceptive processing. Drugs that act at the 5-HT1A receptors could have
clinical potential to change the action of opiates or alter pain transmission.

Using mice, Yesilyurt et al [163] investigated the role of serotonin receptors in stress-
induced analgesia. After forcing mice to endure a stressor (swimming in cold water), tail
flick response (indicative of pain) upon exposure to a hot plate was decreased [163].
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Yesilyurt et al [163] further showed that both endogenous opioid and non-opioid effects
played a role stress-induced analgesia. Specifically, when serotonin receptors were blocked
in test subjects, the effect of stress-induced analgesia was observed to decrease. This
research supports the role of serotonin receptors in the pain transmission system. It also
highlights the potential for pharmaceutical action on specific serotonin receptors to mediate
clinical analgesia.

Important classes of medications that affect serotonin levels are anti-depressants. In a study
of patients with neuropathic pain, Gao et al [157] found that patients receiving Duloxetine
(inhibits the re-uptake of serotonin and norepinephrine) reported significantly improved pain
relative to a placebo control group. In other settings, the use of serotonin re-uptake inhibitors
is more controversial. Leombruni et al [164] found that both L-carnitine and Duloxetine
have efficacy in treating the pain and improving the quality of life for patients with
fibromyalgia. Conversely, in a review of studies that evaluated the role of serotonin reuptake
inhibitors in fibromyalgia patients, Wallitt et al [165] concluded that there is no evidence
that serotonin reuptake drugs are more efficacious than placebo for treating fibromyalgia.
Given the fact that serotonin reuptake inhibiting drugs have been found to be efficacious in
certain pain syndromes and settings, further research should be done to characterize their
role in providing clinical analgesia.

3.16 Tachykinins and neurokinins

Tachykinins are a family of neuropeptides that include Substance P, Neurokinin A, and
Neurokinin B [166]. Substance P binds to the Neurokinin-1 (NK-1) receptor, Neurokinin A
binds to the Neurokinin-2 (NK-2) receptor, and Neurokinin B binds to the Neurokinin-3
(NK-3) receptor [166]. Significantly, however, none of these tachykinins are highly selective
for their respective NK receptors [166]. For this reason, each of the tachykinins is known to
have activity at any of the neurokinin receptors [166].

Due to the concentration of NK receptors in the dorsal horn of the spinal cord, and other
anatomical locations associated with pain sensation, it has historically been thought that
tachykinins play a key role in pain transmission. This is demonstrated by a multitude of
animal studies from the past that focus on the role of NK receptors in pain transmission [167
- 169]. However, when the results of animal studies were applied to a human model, action
at neurokinin receptors was not found to be more effective than established pain treatments
(ibuprofen and pregabalin) [170, 171]. Further, NK-1 receptor antagonists were shown to be
ineffective for treating neuropathic pain [172].

Since one of the primary effects of opioids is significant inhibition of Substance P release,
research suggesting a limited role of neurokinins in pain transmission seemed somewhat
perplexing [173]. More recent studies by Chen et al [173] showed that only inflammatory
(and not neuropathic) pain responded to Substance P inhibition in rat test subjects. This
further supports the established role of Substance P as an inducer of inflammation [176].
Moreover, Foran et al [174], using a rat model, found that increased expression of Substance
P in the spinal cord augments the response to opioid anti-nociception by attenuating the
development of opioid tolerance. In another study, Tumati et al [175] showed that intrathecal
administration of an NK1 receptor antagonist reduced opioid withdrawal-mediated
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hyperalgesia in rats, suggesting that NK1 blockade may prove useful in treating the
symptoms of opioid withdrawal.

The most significant analgesic properties of neurokinin receptor antagonists are limited to
the realm of inflammatory pain. Studies have shown that administration of NK1 receptor
antagonists decrease pain sensation in rats with induced monoarthritis [176, 177]. Uematsu
et al [176] induced inflammation in rats, then conducted histological analysis of rodent
cartilage. Significantly, Uematsu et al [176] observed less cartilage destruction in rats that
had been treated with NK1 receptor antagonists. Thus tachykinin antagonism may have a
significant clinical role in protecting joint architecture in the setting of chronic inflammatory
disease. Further evidence of the role of tachykinins as inflammatory mediators was
identified by Chauhan et al [178]. In a mouse model of pneumococcal meningitis, they
found that antagonism of NK1 receptors decreased meningeal inflammation and reversed
infection-related neuronal demyelination.

Tachykinins have also been associated with normal hypothalamic functioning. Simavli et al
[179] found that agonism of NK1 receptors led to early onset of puberty. Similarly, absence
of the Tacl gene (which encodes Substance P) led to delayed puberty onset and subfertility
in female mice [179]. Using Tacl knockout mice, Niedermair et al [180] observed that
Substance P deficiency is associated with decreased bone formation. These studies raise the
possibility of significant side-effects related to the clinical use of tachykinin and neurokinin
receptor modulators.

Drugs with action at tachykinin and neurokinin receptors remain an interesting avenue for
providing inflammatory pain relief, protection of connective tissue, and for treatment of
opioid withdrawal. More research is needed to elucidate potential clinical efficacy and side
effects of these agents.

3.17 Vasoactive intestinal polypeptide

Vasoactive intestinal polypeptide (VIP), while traditionally described as a neurotransmitter
involved in gastrointestinal tract motility, plays a role in a number of physiologic processes.
While the exact mechanism and function of VIP in pain transmission is unclear, it is clear
that VIP is involved in pain pathways and that its receptors could prove to be beneficial
therapeutic targets. VIP is expressed in Lissauer's tract of the spinal cord, particularly in the
lumbosacral region [174]. The anatomical distribution of VIP expression is believed to be
related to a possible physiologic role for VIP in afferent pain neurotransmission from pelvic
viscera. This observation is supported by increased VIP expression, in association with
decreased pain thresholds, prior to parturition in female rats [174].

VIP has been implicated in the genesis of osteoarthritic pain. McDougall et al [181] induced
osteoarthritis in rats and, after delivery of a VIP-receptor antagonist (VPAC), noted cessation
of pain-related behaviors in the test subjects. A related follow-up study by Schuelert and
McDougall [182] showed that local VIP administration into joints caused sensitization of
nociceptive afferent neurons. Furthermore, they provided electrophysiological evidence of
pain reduction following injection of VPACs [182]. These findings demonstrate a potential
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use for VPACs to treat osteoarthritic pain. Other VIP antagonists, including somatostatin,
may eventually find clinical use as analgesic agents.

VIP and the structurally related pituitary adenylate cyclase-activating polypeptide-38
(PACAP) play a role in the pathophysiology of migraines. Cernuda-Morollon et al [183], for
example, measured serum VIP levels in patients with chronic and episodic migraine. Their
research showed consistent, significant elevations in serum VIP among test subjects that
suffered with migraines. Furthermore, Amin et al [184] demonstrated that intravenous
infusion of VIP and PACAP can induce migraine headaches. Although VIP and PACAP
have vasodilatory properties, it is clear that these substances play a role in migraine genesis
and migraine-related pain [184]. Additionally, Amin et al [184] identify the PAC1 receptor
as an important potential pharmacological target for treating migraines.

Alterations of VIP expression have also been demonstrated to contribute to the genesis of ne
uropathic pain. Shehab et al [185], for example, induced peripheral nerve injury by ligating
L5 spinal nerves in rats. After ligation, they observed the resultant neurochemical changes in
the spinal cord. VIP expression, and other markers, increased in both the L5 region and
adjacent spinal cord segments [185]. The author suggested that changes in neurochemicals
(like VIP) play a role in the hyperalgesia incident to neuropathic pain [185]. Similarly, Sun-
Joo Son et al [186] induced peripheral nerve injury in an animal model and demonstrated
upregulated expression of VIP and neuropeptide Y in the dorsal root ganglia. Significantly,
however, the work of Kim et al [187] demonstrated that isolated increases in VIP expression
in rats with nervous injury did not fully explain the generation of neuropathic pain. Rather
they suggested that the generation of neuropathic pain is probably multifactorial [187].
While it is likely that the induction of neuropathic pain is multifactorial, VIP seems to play a
role in this process.

Pharmacologic research on the agonism and antagonism of VPAC receptors is currently in
its early stages. Li et al [188] performed chemical research of several VIP derivatives to
classify them as agonists or antagonists at VPAC receptors. This work may provide crucial
information for future research aimed at identifying the effects that result from the use of
these agents. The full extent of the physiology of VIP in pain transmission remains
unsettled; however, it is clear that VVIP represents a new field for generating agents to treat
clinical pain.

4. Expert Commentary

Despite a truly impressive understanding of pain pathways and processes, pain remains a
crippling complication of disease for thousands of patients. Targeted emphasis on therapies
and strategies for providing clinically significant analgesia should remain a priority in pain
research, as well as performing studies that observe long term safety data for use of these
analgesics. By identifying novel agents to treat pain, discovering synergistic combinations
between existing analgesics, confronting pain management from a multimodal perspective
and by improving ability of medicines to prevent acute pain from becoming chronic, the
scourge of pain can be more effectively alleviated. Pain management cannot be empirically
treated based on disease classification, but must be approached in a patient- specific manner
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focusing on the patient's constellation of presenting symptoms. Choosing effective agents
must take into accounts all aspects of the pain patient's particular pain phenotype.

5. Five-year view

While vast, the current pharmacopeia has failed to meet the pain-related needs of many
patients. Developing new agents, methods, and strategies for treating pain remains essential
in importance. This review highlights many pathways and agents that show potential for
treating pain in novel ways. For example, drugs that selectively act at specific adenosine
pathway receptors may be able to provide clinically significant analgesia, with some specific
acting examples already being used for research [3]. Similarly, bradykinin antagonists could
be explored as novel pain-relieving agents. Medications that act on the nerve growth factor
(NGF) pathways are already in the process of being approved for clinical use [136];
however, more work could certainly be done to identify unique ways of alleviating through
action on the NGF pathway.

Cannabinoids represent one of the best-recognized sources of potential new agents for
treating pain. Wide potential variability in the concentration, quality, and contents of “street”
marijuana makes the development of pharmaceutical grade alternatives highly desirable for
treating clinical nausea, decreased appetite, and pain. Research has shown limited efficacy
for cannabinoids in an acute setting [25]; however, they seem to be better-suited for chronic
pain states [23, 26, 28]. Cannabinoids have also been shown to be effective in a neuropathic
pain picture [26]. Regardless of these findings, other studies have not found significant
benefits to cannabinoid-based analgesics [32]. Further work should be invested in describing
the usefulness of cannabinoids in other clinically significant settings, like inflammation.

Work in area of chloride extrusion activators may show eventual utility. The physiologic
activity of GABA in decreasing neuropathic pain transmission is enhanced by the activity of
the KCC2 chloride cotransporter [67]. The recent identification of the novel CLP257 as a
KCC2 activator and the selective activity within the spinal cord makes this an avenue to
pursue [67]. We encourage further work in this area as it may prove fruitful with eventual
clinical utility.

In vivo studies have uncovered evidence that Angiotensin Il, the receptors of which are
known to be present in the DRG neurons of rats, is involved in neuronal hyperexcitabilty
[189]. Angiotensin Il receptor antagonists have shown to have significantly improved
analgesia when compared to placebo in rat studies, making it an encouraging prosepct for
providing neuropathic pain control in a novel way [189].

Another target that has been recently explored is the sigma-1 receptor (g1R). The o1R has
been demonstrated to play a role in the sensitivity of both acute and chronic pain, with 1R
knockout mice showing decreased pain responses [190]. Currently, a o1R antagonist is in
phase I clinical trials for neuropathic pain. Early studies support a potential role for the use
of o1R antagonists in the treatment of chronic neuropathic pain [190].

Another limitation of the current pharmacopeia deals with differing actions of drugs in
different body compartments. For example, NO has different effects depending on its site of
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action in the pain transmission circuitry [150]. Certain drugs, like glycine transporter
inhibitors, currently have limited utility because of poor blood-brain-barrier penetration.
Advances in drug delivery methods could potentially remedy this obstacle. The use of
exosomes, which are cell secreted lipid-coated vesicles, to deliver drugs across the blood-
brain-barrier has recently shown promising results [179 - 181]. By encapsulating the drug
within exosomes it is possible to deliver drugs to the CNS that would otherwise have had
poor penetration. While these methods remain expensive and impractical, further advances
in drug delivery systems could expand the pharmacopeia by enabling analgesics to be
targeted to specific sites. Novel analgesics could theoretically be generated by simply re-
targeting existing pharmaceuticals.

5.1 Pain Chronification

One interesting frontier in pain medicine deals with finding ways to prevent acute injury and
pain from becoming chronic. Research suggests that pain transmission pathways may play a
significant role in this process. For example, neurokinin has been shown to both decrease
inflammatory pain and joint cartilage destruction in rats [176, 177]. Preventing joint
destruction in this case may also prevent osteoarthritis-related pain. More elegantly, it has
been shown that glutamate receptors are upregulated in response to nervous system damage
[88, 89]. Drugs that could prevent this up-regulation may be able to decrease the rate at
which injury becomes chronic. Prostaglandins, particularly PGE2, have been implicated in
the process of pain chronification. Specifically, up-regulation of PGE2 is linked with the
development of chronic pain in rats [37]. Research could be done to see if concentrated
doses of selective PGE2 antagonists would decrease the incidence of chronic pain after an
acute injury.

Work focused on the connection between NSAIDs and other transmission pathways has
shown that NSAIDs may be able to avoid the development of chronic pain states by
changing the transcription of specific genes, including the gene that codes for NPY [144].
NPY may play a role in the body's response to stress, potentially allowing it to contribute to
the production of a chronic pain state [144].

Nerve growth factor (NGF) has been implicated in the process of pain chronicity. In a rat
model of NGF-induced persistent hyperalgesia, NGF was observed to contribute to a
hyperalgesic state by increasing the activity of pain-transducing TRPV1 channels and
through oxidative processes [131]. Potentially, pharmaceuticals that act in the NGF pathway
could reduce the density of TRPV1 channels post-injury, decreasing long-term hyperalgesia
in response to acute injury.

Another contributor to the process of pain chronification appears to be linked to the balance
of inhibitory and activating neurotransmitters in pain synapses. For example, just as up-
regulation of pain-activating glutamate receptors has been linked to chronic pain [88, 89],
suppression of GABAergic synapses (inhibitory) leads to a chronic pain state [72]. TNF-a
release in the substantia gelatinosa (in response to inflammation) increases glutamate while
simultaneously decreasing GABA concentrations [69]. Agents that selectively inhibit TNF-a
in the substantia gelatinosa could theoretically prevent the development of GABA- or
glutamate-rooted causes of chronic pain. Similarly, GABA-acting drugs, which are not
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currently designed for providing pain relief, could theoretically be used to alleviate chronic
pain or balance imbalanced pain neurotransmitters [59].

A systematic review [191] analyzed randomized controlled trials that studied the effect of
perioperatively administered medications on long term pain outcomes. Among 40 included
randomized trials, the majority pertained to ketamine, gabapentin, and pregabalin. Analysis
revealed statistically significant reduced development of chronic pain in subjects treated with
ketamine, but not gabapentin or pregabalin. This finding, however, is not conclusive due to
potential confounding factors. The authors cautioned against the low number of subjects
included in the ketamine trials. Furthermore, dose, duration of treatment, and surgical
procedures varied widely from trial to trial. This meta-analysis indicates the need for high-
powered and well-controlled trials that evaluate these medications in limiting post-surgical
chronic pain. This statement is further evidenced by the conflicting findings of a meta-
analysis by Clarke et al [192] who found significant reductions in chronic postsurgical pain
following perioperative administration of both gabapentin and pregabalin.

5.2 Interactions among Analgesics

The most powerful analgesics in current clinical use are opioids. Concerns with the use of
opioids in treating pain have focused on diminishing effects, avoiding addiction, and
decreasing negative side effects. As demonstrated by Soto et al [156], it may be possible to
combine the administration of opioids with other analgesic drugs to decrease the dose of
opioids required to provide effective pain relief. As effective alternatives to opioids are
unavailable in many cases, identifying synergistic effects between pain transmission
pathways could improve the clinical use of opioids.

Multimodal pain therapy is also of utmost importance. As discussed in a review by Kerfeld
et al [193], the use of peripheral and spinal analgesic modalities was effectively able to
reduce the need of opioids, decrease the side effects of opioid use, and decrease the length of
hospital, all while improving patient satisfaction. In patients with hip fracture undergoing
elective repair, Fabi [194] showed that the multimodal analgesic approach provides effective
pain relief. This approach was also found to have an “opioid-sparing” effect on patients
[194]. Improved analgesic relief resulted in faster ambulation, more productive physical
therapy, and faster overall recovery [194]. Concomitant increases in patient satisfaction were
also noted in this study [194]. The multimodal therapy approach is likely to guide pain
control in the coming years.

Neurokinins, including substance P, when present in the spinal cord, have been shown to
augment the response to opioids by attenuating the development of opioid tolerance [174].
Similarly, administration of NOS (increased NO concentration) has been found to increase
the receptor density and corresponding efficacy of both opioids and cannabinoids,
particularly in the setting of neuropathic pain [149]. The co-administration of H1 agonists
and opioids has been shown to produce greater anti-nociception than the administration of
morphine alone [112, 118]. Interestingly, cannabinoids have also been found to magnify the
analgesic effect of opioids [21, 22]. Co-administration or combination of opioid agents with
pharmaceuticals that act in these pathways should be investigated.
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Beyond potentiating the analgesic effect of opioids, other significant intersections among
transmission pathways have been observed. In rats, Neurokinin (NK1) receptor antagonists
have been shown to reduce the hyperalgesic symptoms of opioid withdrawal [175].
Serotonin channels in rats show potential for reversing opioid-induced respiratory
depression [161]. Unfortunately, action at these serotonin channels has also been shown to
decrease the duration of fentanyl analgesia [161]. It has been proposed that cannabinoids can
influence the development of tolerance to opioids [21, 22]. GABA receptors, one study
suggested, seem to play a pivotal role in the process of opioid addiction [72]. Research
should be conducted to evaluate the possibility of managing or avoiding opioid addictions
and side effects via co-administration or combination of these agents with existing opioid
analgesics.
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6. Key Issues

Pain transmission pathways are well understood; however, clinical control of
pain-related sequelae remains a major challenge.

Pain transmission refers to the process by which a pain signal is
communicated from the site of injury or nociceptive stimulus to the brain to
be perceived.

Cannabinoids, although somewhat controversial, remain an important frontier
for producing novel analgesics, synergistic drugs interactions, and improving
the use of opioids.

Opioids remain the gold standard in analgesia. Current research focuses on
managing side effects, identifying effective alternatives, and decreasing the
dosages required to obtain clinical effect.

Eicosanoids may play an important role in the development of pain chronicity.
Additionally, it may be appropriate to re-introduce COX2 inhibitors with no
adverse effects into the pharmaceutical market.

Glutamate and GABA pathways represent agents that have potential to
modulate excitatory and inhibitory transmission pathways. They are an
important eventual source of novel agents.

Norepinephrine and serotonin pathways are becoming more important in
alleviating clinical pain.
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Figure 1. Action of Cannabinoid in Descending Modulatory Tracts
Activation of CB1 receptors that are present on the periaqueductal grey (PAG) leads to PAG

inhibition. The PAG tonically inhibits the action of the rostroventromedial medulla (RVM),
which in turn weakens pain transmission through the dorsal root ganglion (DRG) via
descending modulatory fibers. Attenuation of the pain circuitry of the DRG decreases
nociception, and ultimately, the perception of pain. Cannabinoids, then, work by inhibiting
the inhibitor of a nociceptive inhibitor. In the absence of cannabinoids, the PAG inactivates
the RVM, preventing its inhibitory action on the DRG. The net result is a relatively higher
level of nociceptive signaling.
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Figure 2. Effect of Cannabinoid on Pain Chronicity
Cannabinoids are derived from arachidonic acid, and cannabinoid receptors are expressed in

many nociceptive pathways in the central nervous system and peripheral nervous system.
When cannabinoid receptors are bound by cannabinoids they cause an inhibition of of
presynaptic calcium uptake, and an increase in inward-rectifying potassium channel uptake
of potassium. Calcium is needed for vesicular release of glutamate, thus this change in ion
concentration leads to a decrease in glutamate release from presynaptic neurons. This is one
proposed mechanism that gives cannabinoids their anti-nociceptive effects. This inhibition of
glutamate release may be important for preventing the formation of a chronic pain pathway
by preventing overstimulation of NMDA receptors. This model also supports the observation
that cannabinoids have analgesic synergy with the opioid pathway.
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Figure 3. The role of PGE2 in Pain Chronicity
Recent research has suggested that prolonged and/or repeated exposure to Prostaglandin E2

(PEG2) can lead to the development of chronic pain. Researchers have compared the effects
of short- and long-acting PGE2 analogs on pain chronicity in rats. An injection of a long
acting form of PGE2 (dmPGE2) produced allodynia that lasted significantly longer than the
short-acting form. Repeated injections of dmMPEG2 lead to an increased and prolonged pain
response. This result suggests that repeated or prolonged exposure to PGE2 facilitates long-
term allodynia, an effect that is analogous to chronic pain. Researchers have suggested the
adequate pain control with PEG2 inhibitors (such as non-steroidal anti-inflammatory) can
help prevent the development of chronic pain.
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Figure 4. Interactions in the Opioid Pathway
A variety of pain pathways intersect with the opioid pain pathway. While this figure is not

necessarily comprehensive, these “intersections” represent important research targets. For
example, histamine agonists have been shown to increase the efficacy of opioid analgesics.
Could histamine agonists and opioids be combined into an analgesic with increased
efficacy? One downside of opioids includes the potential for significant side effects,
including addiction. For pathways that intersect in the processes of side effects, can these
pathways be used to alleviate side effects or decrease the chances of addiction? Interactions
between pain pathways, particularly the opioid pathway, represent an important area for
providing clinical pain relief to patients that are experiencing significant pain with lower risk
of adverse outcomes.
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Figure 5. Glutamate Receptors in Pain Chronification
Prolonged firing of C-fiber nociceptors causes release of glutamate, which binds to post-

synaptic NMDA and AMPA receptors. Glutamate release by sensory afferents acts on
AMPA receptors if the impulse is more acute. If a repetitive and high-frequency glutamate
impulse is repetitive, NMDA receptor are stimulated and up-regulated. Normally, the
NMDA receptor is blocked by Mg2+ ions. Under repetitive and high frequency stimulation
from glutamate Mg2+ blockade removed. The removal of Mg2+ blockade is likely
facilitated by substance P and CGRP release from C-fibers. With the removal of Mg2+ from
NMDA receptors, there is enhanced NMDA receptor activation, which leads to enhanced
inflammatory pain, neuropathic pain, and hyperalgesia. This process over time leads to the
development of chronic pain states. Researchers have suggested that the use of low dose
NMDA receptor antagonists may play a role in the prevention of chronic pain.
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Figure 6. Pharmacologic Manipulation of Glycinergic Nociceptive Neurotransmission
The action of glycine on glycine receptors is inhibitory to the postsynaptic neuron. Glycine

receptor activation results in the influx of hyperpolarizing chloride and the generation of an
inhibitory postsynaptic potential (IPSP). GlyT2 functions to reuptake glycine, thus reducing
the synaptic concentration of glycine. In the case of pain transmission, glycine results in the
generation of an IPSP on a pain transmitting and thus decreases pain transmission.
Conversely, activation of GlyT2 enhances glycine reuptake that results in disinhibition of
pain transmission. Pain transmission is increased when strychnine or PGE2 receptor
signaling closes glycine receptors. Pain transmission is decreased when NSAIDs decrease
production of PGE2. Pain transmission is also decreased when adenosine-activated P2Y
receptor signaling closes GlyT2, and when ALX1393, Org25543, or N-arachidonyl glycine
close GlyT2. Green arrows indicate processes that result in increased pain transmission. Red
arrows indicate processes that result in decreased pain transmission.
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Figure 7. Glial Cells in the Pain Chronification Process
Microglial cell activation in the CNS plays a central role in the development of chronic pain

states. Signaling molecules including substance P and excitatory amino acids (e.g.
glutamate) are released from primary afferent neuron terminals, causing the activation of
glial cells. Activated glial cells then from and release second order signaling molecules such
as nitric oxide and prostaglandins. These second order signals lead to central pain
perception. Additionally, activated glial cells then cause the up-regulation the expression of
central cyclooxygenase-2 enzymes, which in turn increases the production of prostaglandin
E2 (a pro-inflammatory signal also implicated in the development of chronic pain).
Activated glial cells may also directly release interleukin-1 (IL-1), interleukin-6 (IL-6),
Tumor Necrosis Factor-a (TNF-a). Collectively, IL-6, IL-1, and TNF-a cause proliferation
of axons and primary afferent neuron terminals. In summary, continuous glial cell activation
produces pro-inflammatory mediators that contribute to the development of a chronic
neuropathic pain state. This model is also supported by the fact that glial cell activation is
found in many conditions that lead to chronic pain such as post-traumatic recovery, pro-
inflammatory states, central demyelinating disorders, and diabetes mellitus.
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Summary of Key Pain Mediators and their receptors in Pain Transmission
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Transmission Mediator

Abbreviation (if applicable)

Examples (if applicable)

Receptor(s)

Adenosine ADO Al, A2A, A2B, A3 (or ADORA 1,
2A, 2B, and 3); P2X3
Bradykinin BK B1 and B2 Receptors, TRPV1 (also
called vanilloid)
Cytokines Various TNF-a Receptor names are specific to the
cytokines.
For example: IL-1f receptor is
IL-1R1
IL-1B
IL-6
Calcitonin Gene-Related Peptide | CGRP Calcitonin-like receptor and CGRP
receptor (G-protein-coupled 7
transmembrane)
Cannabinoids CB1, CB2, WIN, abn-CBD
Eicosanoids Various Leukotrienes (LT) EP (for PGE2), IP (PGI2), DP

(PGD2), TP (TXAZ2) and others

Prostaglandins (PG)

Prostacyclins (PGI)

Thromboxanes (TX)

Endogenous Opioids Endorphins Opioid Receptors: Mu, Kappa, and
Delta; FQ (NOP/ORL Receptors)
Enkephalins
Dynorphin

Excitatory Amino Acids

GLU or E (glutamate)

Glutamate (most important)

NMDA, AMPA, Kainate receptors
and metabotropic glutamate receptors

ASP or D (aspartate)

Aspartate (role as transmitter
is debated)

y-aminobutyric acid GABA GABA-A, GABA-B, and GABA-C
receptors

Glycine GLY or G NMDA, a3-glycine receptors, other
glycine receptors (GlyRa and GlyRp)

Histamine HIST H1, H2, H3, H4 Receptors

Low pH H+ ASIC (acid sensing ion channels),
TRPV1 (vanilloid).

Nerve Growth Factor NGF TrkA [high affinity]; p75 [low
affinity]

Neuropeptide Y NPY NPY receptors Y1, Y2, Y4, and Y5

Nitric Oxide Synthase iNOS Nitric Oxide (NO) Guanylate Cyclase

Norepinephrine (a2 agonists) Norepior NE a-adrenergic receptors, particularly
a2.

Reactive Oxygen Species ROS Various Intracellular Proteins

Serotonin 5-HT 5-HT Receptors examples: 5-HT2A
and 5-HT2C.

Tachykinins/Neurokinins Neurokinin A Neurokinin 1, 2, and 3 Receptors

(with differing affinities).

Expert Rev Clin Pharmacol. Author manuscript; available in PMC 2018 January 04.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kirkpatrick et al.

Page 49

Transmission Mediator

Abbreviation (if applicable)

Examples (if applicable)

Receptor(s)

Substance P (SP)

Vasoactive Intestinal Polypeptide

VIP

PAC1, VPACL1 and VPAC2.
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