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Introduction
Pain modulation refers to the process by which the body alters 
a pain signal as it is transmitted along the pain pathway and 
explains, at least in part, why individual responses to the same 
painful stimulus sometimes differ. Modulation can also explain 
why the activation of pain neurons and the sensory experience of 
pain do not always coincide. Most importantly, pain modulation 
elucidates the mechanisms of action underlying clinical analgesia. 
In this paper, we have critically reviewed pain modulation 
literature by searching PubMed for primary research papers 
that elucidate therapeutically significant mechanisms in pain 
modulation. This review focuses on the following key questions: 
(i) does pain modulation have an analgesic effect, hyperalgesic 
effect, or both? (ii) What is the Gate Control Theory (GCT), and 
how does it impact our understanding of pain modulation? (ii) 
What are the clinically important pain modulation types? (iv) 
what are the outstanding questions in pain modulation research 
that could lead to new therapeutic approaches?

Does Pain Modulation Have an Analgesic Effect, Hyperal-
gesic Effect, or Both?
Opioids are widely recognized as the “gold standard” in pain 
control. Indeed, the use of opiates can cause hyperalgesia.1 
Watanabi2 made a paradoxical observation: giving limited 
amounts of morphine to rats relieved the symptoms of pain; 
however, high doses of morphine led to pain-related responses 
in the rats. Interestingly, opioids can cause recipients to become 
hypersensitive to certain painful stimuli. While opioid-induced 
hyperalgesia is not the emphasis of this review, opiates offer 
a valuable example of pain modulation: they are capable of 
both increasing and decreasing the experience of pain. He 
et al.3 showed that, in rats, inflammatory markers, particularly 
HMGB 1, contribute to neuropathic pain. These changes in 
pain sensation were implemented via modulatory pathways 
that could both increase and decrease the sensation of pain 
via the HMGB1 and HMGB1-RAGE pathways.3 In a review 

of pain modulatory mechanisms, Heinricher et al.4 concluded 
that descending modulation could be both “facilitatory” and 
“inhibitory.” Additionally, these investigators noted that a single 
modulatory structure in the brain can often mediate both 
“facilitatory” and “inhibitory” modulation of pain.4 Although, the 
term “modulation” is commonly assumed to have an exclusively 
analgesic connotation, pain modulation can lead to both analgesia 
and hyperalgesia.

Gate Control Theory
In a landmark paper, Wall and Melzack5 proposed the GCT. While 
some details of the GCT have been shown to be incorrect or 
incomplete, it has proven to be a powerful tool for guiding pain 
research.6–8 The GTC proposes that nociceptive and nonnociceptive 
signals are summated within the substantia gelatinosa (spinal 
cord).6–8 If nociceptive signals outweigh nonnociceptive signals, a 
pain signal is propagated.6,8 Wall and Melzack5 also proposed that 
descending afferent fibers could modulate pain signals within the 
substantia gelatinosa. A visual representation of the pain circuit 
proposed by Wall and Melzack is shown in Figure 1.

The GCT broadly suggests that large nerves conduct 
nonnociceptive information and that smaller fibers conduct 
nociceptive information.6,8 After the proposition of the theory, 
researchers tested it by electrically stimulating large fibers.6 In 
a variety of studies, this type of stimulation has been found to 
provide pain relief.6 Researchers continue to use the GTC rationale 
to propose new methods for achieving clinical pain relief. For 
example, Kessler and Hong invoked the GTC in explaining their 
investigation of whole body vibration as a potential therapy for 
diabetic neuropathy.9 Similarly, Fournier and Elman10 tested 
the use of pneumatic skin flattening as an analgesic technique. 
Their study emphasized its effect on pain transmission within 
the circuits described by the GTC.10 Often, those who injure 
themselves instinctively rub the affected area. Within the 
context of the GCT, this natural response is unsurprising: the 
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GCT provides a scientific rationale for an instinctive response 
to painful stimuli.

Clinically Relevant Pain Modulation
In 1969, Reynolds11 placed electrodes into the brain of a rat and 
applied a current. In Reynolds’11 subjects, exploratory laparotomy 
could be performed without the use of anesthetics. It was not 
until after the removal of the electrodes that the rats responded 
to painful stimuli.11 Whether stimulated by electrodes, pills, or 
other interventions, pain modulatory systems underlie analgesic 
treatments. In this section, we reviewed the following pain 
modulatory mechanisms: (i) endogenous opioid, (ii) autonomic 
(serotonergic, dopaminergic, and noradrenergic), (iii) inhibitory 
amino acid (cholecystokinin [CCK], galinin, and gamma amino 
butyric acid [GABA]), (iv) placebo, (v) nontraditional, (vi) 
exogenous opioid, (vii) cannabinoid, and (viii) electrical.

Endogenous Opioid Modulation of Pain
The phenomenon is familiar: an individual undergoes a 
traumatic injury without demonstrating pain-related behaviors. 
Endogenous opioid modulation gives important clues to explain 
this phenomenon. Feng et al.12 identified “at least ten” endogenous 
opioids in the brain. Table 1 lists the important endogenous 
opiates and their preferred receptors. Busch-Dienstfertig and 
Stein1 identified three “major representative opioid peptides”: 

β-endorphins, Met-enkephalin, and 
dynorphin A. They further showed that 
most of the endogenous opioids are 
derived from three precursor proteins: pro-
opiomelanocortin (POMC), proenkephalin 
(PENK), and prodynorphin.1

Martikainen et  al.13 showed that 
individuals with chronic lower back pain 
have decreased endogenous opioid receptor 
availability relative to healthy controls. 
Decreased receptor availability may result 
from the downregulation of opioid receptors 
in response to persistent activation.13 
Martikainen et  al.13 proposed that the 
population of endogenous opioid receptors 
could be clinically relevant for diagnosing 
and treating lower back pain.

Significant studies have examined 
associations between the exogenous and 
endogenous opioid systems. Indeed, 
endogenous opioids do not contribute to 
the side effects associated with exogenous 
opiates14 or opioid-induced hyperalgesia.15 

One key difference between endogenous and exogenous opioids 
is associated with the side effects. Because both endogenous and 
exogenous opioids act on the same receptors, it would be reasonable 
to expect their similar central nervous system effects. However, 
unlike exogenous opioids, endogenous opioids are delivered to their 
specific sites of action by immune cells.16,17 Targeted delivery generally 
prevents exogenous-like side effects on the central nervous system.16 
In fact, Rittner et al.18 observed a relationship between the number 
of leukocytes in tissue and the amount of endogenous pain relief.17

Autonomic Modulation of Pain
Pain research literature has established a link between autonomic 
function and pain. For example, Evans et al.19 submitted children 
to noxious stimuli while measuring autonomic responses. 
Children with chronic pain, unlike healthy counterparts, 
demonstrated only minimal autonomic response to acutely 
painful stimuli.19 In another study conducted by Chalaye et al.20 
autonomic dysfunction was associated with fibromyalgia and 
irritable bowel syndrome (IBS). Chalaye et al.20 showed that the 
hyperalgesia of fibromyalgia and IBS corresponded to a state 
of sympathetic hyperactivity. This observation stood in stark 
contrast to healthy controls that, when exposed to the same 
stimulus, showed increases in parasympathetic function.20 In 
the following section, we discussed autonomic modulation via 
dopaminergic, noradrenergic, and serotonergic pain modulation.

Dopaminergic modulation of pain
While relatively little is known about the mechanisms of 
dopaminergic pain modulation, dopamine appears to affect 
the sensation of pain both directly and indirectly. For example, 
pain disorders are particularly common in individuals that 
have diseases that affect dopamine (these include Parkinson’s 
disease and restless leg syndrome).7,21 De la Mora et al.22 noted an 
important function for dopamine in fear and anxiety. The effect of 
dopamine on the amygdala can lead to different behavioral results, 
based on dopaminergic-influenced, amygdaloid pain processing.22 
This observation is consistent with the action of dopamine as an 
indirect modulator of pain. Triester et al.21 used the nonspecific 

Figure 1. Gate Control Theory. Both small and large fibers from the periphery come into the substantia gelatinosa. 
Generally, larger fibers carry general somatosensation information while smaller fibers carry nociceptive information. 
The two fiber types summate in the substantia gelatinosa. If the signal carried by the nociceptive fibers is stronger 
than the general sensation signal, a pain stimulus can be passed from the substantia gelatinosa toward the brain. 
Descending modulatory fibers interact with pain signals in the substantia gelatinosa.

Endogenous opiate Preferred receptor

Dynorphins κ receptor

Endomorphins μ receptor

Endorphins μ receptor

Enkephalins δ receptor

Morphiceptin μ receptor

Nociceptin/orphanin FQ NOP/ORL receptors

Table 1. Endogenous opiates with receptors.51
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dopamine agonist apomorphine to show a direct action of 
dopamine on conditioned pain modulation. While studying 
the actions of the descending dopaminergic pathway, Taniguchi 
et al.23 found that dopamine activated D2-like receptors and K+ 
channels and decreased glutamate release. Figure 2 illustrates 
the result of glutamate release on nociception, demonstrating a 
potential pathway by which dopamine action could mediate pain 
modulation. The result is a decrease in nociceptive transmission 
from the substantia gelatinosa.23 Dopamine has been shown to be 
important in pain modulation, however, the specific mechanisms 
by which dopamine modulates pain are generally unclear. Thus, 
dopamine represents an important area in analgesia research.

One interesting implication of the involvement of dopamine 
as a pain modulator involves the myriad of pharmaceutical agents 
whose actions affect dopaminergic receptors. Most antipsychotic 
drugs, for example, work via antagonism of dopamine receptors. 
As dopamine and its receptors are important in circuits ranging 
from pain to emotion to reward processing, treatments that affect 
dopamine could potentially lead to clinically undesirable results, 
including addictive behaviors. Opioids, like dopamine, act in the 
reward pathway and can influence “wanting”.24 Further research is 

needed to evaluate the interaction of pain medications, like opioids, 
with dopamine-mediated pathways. Additional scholarship 
regarding the effect of analgesics on dopamine-regulated reward 
pathways, sleep cycles, depression, psychosis, and underlying 
causes of pain would have direct clinical applicability.

Noradrenergic modulation of pain
Like other modulating pathways, norepinephrine has both 
analgesic and hyperalgesic effects. Wu et al.25 found that dezocaine 
mediated an analgesic effect in rats, which was, at least in part, 
mediated by the ability of the drug to block norepinephrine 
and serotonin reuptake. Albrecht et  al.26 found changes in 
sympathetic innervation in the skin of those with fibromyalgia. 
These changes led to decreased norepinephrine signaling relative 
to normal, healthy controls.26 Individuals with fibromyalgia, 
have an imbalance of pain fibers and norepinephrine-sensitive 
sympathetic innervation.26 In an interesting study of pain in 
those suffering from depression, Jaracz et al.27 found selective 
noradrenergic (and serotonergic) antidepressants to mediate the 
physical pain symptoms of depression, and found efficacy for 
dual-action drugs in the treatment of depression and pain.

Figure 2. Nociceptive signaling in the amygdala. Dopamine acts within the amygdala. Via K+ channels and D2-like receptors, dopamine leads to decreased glutamate secre-
tion. Glutamate activates group 1 metabotropic glutamate receptors, leading to the activation of G-proteins, phospholipase C, cleaving of PIP2 into DAG and IP3, and the opening 
of intracellular calcium channels. Once open, calcium channels release calcium into amygdala cells, leading to a variety of excitatory effects that cause increased nociception.
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While the role of noradrenergic pain modulation in the 
action of opioids is debated,28 noradrenergic pain modulation 
has been shown to be involved in descending pain modulatory 
circuits, including the rostral ventromedial medulla (RVM) and 
periaqueductal gray (PAG).29 De Felice et al.30 showed that the 
RVM and PAG integrate descending pain modulation via two cell 
types: OFF (pain inhibitory) and ON (pain excitatory). Research 
in rats with induced allodynia showed that lidocaine injection into 
the RVM reversed the allodynia.31 However, when normal rats 
received the same injections, the lidocaine caused allodynia.31 De 
Felice et al.30 concluded that the development of neuropathy might 
depend on RVM modulation. Thus, descending modulation from 
the RVM may be a factor that explains why, after injury, some 
progress from acute to chronic pain while others do not.30 Given 
the direct action of norepinephrine on pain and a possible role 
for norepinephrine in establishing the chronicity of pain, agonists 
and antagonists of norepinephrine receptors could be useful in 
both research and clinical settings.

Principles of noradrenergic pain modulation have found their 
way into both clinical practice and the analgesic pharmacopeia. 
For example, inhibitors of serotonin (selective serotonin reuptake 
inhibitors [SSRIs]) and norepinephrine reuptake (SNRIs), while 
traditionally used as anti-depressants and anxiolytics, have clinical 
efficacy at alleviating pain. In a study using a rat model, Chu 
et al.32 found that duloxetine, an SNRI, decreased the firing of pain 
responsive neurons, and thus duloxetine effectively modulates 
the pain system in rats with spinal nerve ligations.32 Yarnitsky 
et al.33 evaluated the usefulness of duloxetine, an SNRI, in the 
treatment of neuropathic pain in patients with diabetic peripheral 
neuropathy. These investigators correctly hypothesized that 
patients with decreased endogenous descending pain inhibitory 
pathways would receive more efficacious pain management from 
SNRIs than patients with normal endogenous descending pain 
inhibitory pathways. This research highlights the analgesic value 
of SNRIs in certain predictable settings.33 Also, the clinical efficacy 
of SNRIs demonstrates the significance of norepinephrine as a 
mediator of pain.

Serotonergic modulation of pain
Serotonergic modulation of pain has been shown to contribute to 
both pro- and antinociceptive processes.34,35 Ossipov et al.34 noted 
that, depending on the receptor subtype; the results of serotonin 
modulation could differ. Specifically, 5-HT1A, 5-HT1B, 5-HT1D, 
and 5-HT7 receptors tend to be antinociceptive.34 Conversely, 
5-HT2A and 5-HT3 receptors tend to have a pronociceptive 
action.34 In an interesting genetic study, human subjects were 
tested for the functional variable tandem repeat polymorphisms 
for serotonin transporters, then subjected to painful stimuli.35,36 
The subjects with long alleles exhibited a higher magnitude of 
conditioned pain modulation than those with short alleles.32,33 
In response to these findings, Klintschar35 concluded that 
serotonin is particularly important in the process of endogenous 
analgesia.36 Aira et al.37 identified upregulation of serotonin 
receptors (5-HT2A Receptor) and impairment of μ-opioid 
receptors in neuropathic pain subjects.34 Moreover, Aira et al.37 
observed that 5-HT2A receptor agonists increased the potentials 
of pain-transmitting C fibers in the dorsal horn. By evaluating 
specific receptors (TRPV1), Kim et al.38 showed that serotonergic 
modulation is a “central mechanism” in chronic pain, and that 
blockade of TRPV1 and 5-HT3A receptors decreased central 
sensitization.38

As noted above in the section of noradrenergic pain 
modulation, serotonergic modulation of pain has proven to 
be of significant clinical efficacy. In a meta-analysis on pain 
treatments, Dharmshaktu et al.39 evaluated the clinical efficacy 
of antidepressants as analgesics, and found that neuropathic 
pain is responsive to antidepressants. Further, tricyclic 
antidepressants (TCAs) were named as first-line treatment for 
neuropathic pain.39 These investigators also evaluated other 
antidepressants like SNRIs and SSRIs. Specifically, it was noted 
that SSRIs are better tolerated than TCAs, but less effective at 
treating most types of persistent pain.39 Since TCAs, SSRIs, 
and SNRIs alter the reuptake of serotonin, the findings of the 
meta-analysis highlight the importance of serotonin in pain  
modulation.

Inhibitory Amino Acids and Pain Modulation
Both inhibitory and excitatory neurotransmitters contribute to the 
sensation of pain. The opposing actions of these factors could be 
considered jointly as a pain modulatory mechanism, giving both 
inhibitory and excitatory agents true clinical value. The following 
section discusses important inhibitory amino acids, particularly 
CCK, GABA, and galanin.

Cholecystokinin
CCK is a gastrointestinal hormone released in response to food 
intake.40 Research, however, has elucidated other potential roles 
for CCK, including memory and pain.40 Cao et al.40 studied the 
role of CCK in both memory and visceral pain and concluded that 
CCK activates vagal afferent C fibers leading to “pain-affective 
processing and memory.”40 This study has implications for human 
pain conditions, particularly IBS.40

Research findings have underscored the importance of 
centrally acting CCK in pain modulation. Marshall et  al.31 
suggest that CCK inhibits pain-relieving modulation from 
the RVM. Marshall et al.31 injected CCK into the RVM of rats, 
eventually finding that the injections led to PGE2-mediated pain 
hypersensitivity.30 The investigators also identified an “antiopioid” 
effect of CCK on descending modulation. Benedetti et  al.41 
studied the antiopioid effect of CCK specifically, showing that 
CCK agonists “completely disrupted” the placebo modulation of 
pain. Benedetti et al.41 hypothesized that CCK action may be a 
factor for placebo “nonresponders.” Lee at al.42 further examined 
the receptors associated with opioids, melanocortin, and CCK, 
and hypothesized that CCK and melanocortin antagonists could 
increase the effectiveness of opioids. Lee et  al.42 synthesized 
“ligand 10,” which demonstrated biological activity at CCK, 
melanocortin, and opioid receptors. Mitchell et  al.43 further 
elucidated the effects of CCK on descending pain modulation. 
Using the PAG of rats, these investigators showed that CCK1 
receptors mediate the inhibitory effect of CCK on GABA 
transmission. Moreover, CCK was shown to affect cannabinoid 
pain modulation.43 Since it affects both cannabinoid and opioid 
pain modulation, CCK represents a potentially valuable avenue 
for clinical pain research.

GABA
GABA is the predominant inhibitory neurotransmitter in the 
central nervous system.44 Loss of GABA-mediated inhibition 
of nociception may be a key process in the development of 
inflammatory and neuropathic pain.45,46 GABA is very important 
in descending pain modulation: most of the descending, 
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modulatory projections of the central nervous system are either 
glycinergic or GABAergic.

Munro et  al.45 studied GABA modulation in rats. Their 
study suggests that allosteric modulators for GABAA receptors 
could potentially serve to treat pain.45 Modulators with high 
selectivity for α2 and α3 GABAA receptors were found to mediate 
particularly powerful analgesia.45 In a study conducted by Reichl 
et al.,44 GABAA and GABAB receptors were activated in rats by 
administering agonists. Subsequently, the rats were subjected to 
surgical incisions.44 Intrathecal, but not peripheral, deposition 
of the agonists reduced hyperalgesia in the rats.44 Conversely, 
the administration of GABAA and GABAB antagonists had the 
opposite effect.44 This study highlights the potential for using 
GABA receptor agonists to provide postsurgical analgesia.44

Yowtak et al.47 examined the effect of radical oxygen species 
(ROS) on the pathogenesis of pain. Chronic pain was induced 
in mice followed by injections to increase or decrease the 
concentration of ROS in the subject.47 Increased ROS induced 
pain symptoms in the mice, while decreasing ROS produced 
an anti-hyperalgesic effect.47 Yowtak et al.47 observed that ROS 
“selectively attenuate” GABAergic transmission.48 These results 
suggest that increased ROS may induce pain by reducing GABA 
inhibition of substantia gelatinosa neurons.47,48

Drugs that target GABA receptors can be used to promote 
analgesia.46 Munro et al.46 noted that agonists of GABA receptors, 
including benzodiazepines, are not optimized for inducing 
analgesia. Munro et  al.46 name GABA receptors as potential 
analgesic targets. Pain modulation by GABA represents an 
interesting avenue of investigation for pain-relief treatment.

Galanin
Galanin is a neuropeptide capable of both facilitation and 
inhibition of nociception.49,50 Galanin has been linked to anti-
nociception in mouse models of chronic pain.50 Galanin levels 
in the dorsal horn have been shown to increase in response to 
peripheral nerve damage.49,50 In a study of peripheral modulation 
of pain by galanin, Hulse et  al.49 observed that peripheral 
interaction between galanin and galanin receptor 2 (GalR2) could 
be a potential target for analgesic drugs. Hulse et al.49 conclude 
that GalR2, when activated by galanin (or other agonists), inhibits 
the activity of primary nociceptive afferents, reducing nociceptive 
transmission into the spinal cord.

In a different study, Hulse et al.50 probed the effect of galanin on 
mechanical- and cold-pain. They showed that galanin 1 receptors 
(GalR1) mediate cold allodynia and GalR2 mediates mechanical 
allodynia.50 Since mechanical- and cold-pain are common in 
neuropathies, this finding underscores the importance of galanin 
in treating neuropathy.50 Lemons and Wiley51 conducted an 
interesting study that explored the role of galanin in thermal 
pain modulation. In rats, Lemons and Wiley51 destroyed GalR1 
to examine rats in vivo and their spinal cords post mortem. 
Observations from these studies suggest an important role of 
GalR1 in thermal modulation: loss of these neurons produced 
thermal hypoalgesia.51

Reed and Blackshaw52 report that GalR1 and GalR3 are pain 
inhibitory and GalR2 is pain excitatory, and identified galanin as 
an eventual player in gut-pain. One study, conducted by Yu et al.,53 
hypothesized that galanin is important in explaining differences in 
pain thresholds for those that are obese. The change in nociceptive 
processing among the obese could be tied to galanin and its 
activation of GalR1 and GalR2.53

Placebo Modulation of Pain
The effectiveness of placebo treatment in pain has been well 
documented.54 Levine et al.55 hypothesized that the placebo effect 
is tied to the release of endorphins. To test this hypothesis, Levine 
et al.55 administered naloxone (opioid receptor antagonist) or 
placebo to postoperative dental patients. Those given naloxone 
reported significantly more pain than those given placebo.55 The 
results of this research suggest that the release of endogenous 
opiates underlie the placebo effect.

Ellingsen et al.56 took a different approach to evaluating the 
clinical value of placebo treatments. Ellingsen et al.56 probed the 
role of placebo in mediating an increase in pleasant experiences 
rather than eliminating negative experiences, and concluded 
that the placebo effect is partly mediated by decreases in neural 
processing, suggesting that the neural structures that carry pain 
fibers experience a decrease in processing in response to placebo 
interventions. Ellingsen et al.56 further observed that placebo 
modulation can change the way that brain structures “appraise” 
a potentially painful stimulus, causing it to be less painful.

In a review of the role of placebo in back pain, Puhl et al.54 
investigated potential differences in the effectiveness of “sham” 
treatments. This study aggregated the results of several studied 
that used placebo treatments for low back pain. The results of 
the analysis suggest that sham medications are a potentially 
valuable tool for clinicians, despite potential ethical objections.54 
Due to these conclusions, Puhl et al.54 advocate for using placebo 
medications preferentially over interventions that are potentially 
hazardous or addictive.

Nontraditional Pain Modulation
Nontraditional methods have, at times, been shown to provide 
significant pain relief. In one study by Zeidan et al.57 individuals 
given 4 days of meditation training were tested with functional 
MRI while meditating in the presence of noxious stimuli. 
The meditators were found to experience significantly less 
“unpleasantness” (reduced by 57% based on the responses by 
the participants) and “pain intensity” (reduced by 40%) than 
those who were simply at rest.57 Decreases in cortical thickness, 
including the prefrontal cortex, can be predictive of chronic pain.58 
Interestingly, studies have also shown that those who meditate 
have thicker frontal cortices.58

While exercise may not be correctly categorized as “nontraditional,” 
literature exists to support an important role for exercise in pain 
relief. For example, Meeus et al.59 explored the benefits of exercise in 
patients with rheumatoid arthritis, chronic fatigue syndrome, and 
fibromyalgia, comparing them to healthy controls. In this study, 
exercise was found to be important in pain suppression, particularly 
in rheumatoid arthritis patients.59 Meeus et al.59 concluded that a 
combination of centrally acting drugs and exercise therapy could 
both prevent pain onset and lessen pain intensity.

Another nontraditional pain-relief intervention is 
acupuncture. In a paper that explored connections between 
acupuncture and autonomic function, Beissner et al.60 suggested 
that acupuncture might have therapeutic potential since these 
investigators found that acupuncture could activate or inactivate 
the sympathetic nervous system. Changes in sympathetic and vagal 
activity that occur with acupuncture are theoretically capable of 
impacting autonomic pain modulatory pathways.60 Additionally, 
as with all pain reducing interventions, nontraditional treatments 
could provide analgesia via the same endogenous opioid pathways 
that provide placebo pain relief.
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Exogenous Opioid Modulation of Pain
Opioids are known to be particularly powerful, extraordinarily 
useful analgesics. Busch-Dienstfertig and Stein1 characterized 
opioids the “most powerful” analgesic drugs. They also mentioned 
the downside of opioid therapy: opioid side effects (including 
addiction, breathing depression, constipation, nausea, and 
tolerance).1 Opioids work through inhibition of calcium and 
potassium channels, preventing the release of vesicles that 
contain pain neurotransmitters.1,61 The pathways by which opioids 
inactivate calcium channels are illustrated in Figure 3.

There are various receptor types on which opiates have been 
found to work: μ-, δ-, and κ-opioid receptors, nociception or 
orphan FQ receptors (NOP), and opioid receptor-like orphan 
receptors (ORL).62 Clinically, most opioids target μ receptors.62 
Exogenous and endogenous opioids act on the same receptor 
types.62 Although there is evidence that immune cells respond 
to opioids, it does not appear that immune cells have any of the 
known opioid receptor types.62 This observation is suggestive of 
novel opioid receptors that are currently unknown.

One major frontier in the study of opioid pain modulation 
investigates methods of mitigating opioid side effects. Research 
has shown that opioids are powerful analgesics, especially in cases 
of inflammation.63,64 Peripherally, activation of opioid receptors 
on Aδ and C fibers, particularly in the dorsal root ganglia, leads 
to analgesia.64 The result of the peripheral action of opioids on ion 
channels is decreased excitability of nociceptors and decreased 
release of the vesicles that contain pain neurotransmitters.64 
However, when exogenous opioid agonists act centrally, opioid 
side effects become a concern.63,64 Sanchez-Fernandez et al.65 
conducted a study evaluating the effects of σ1-receptor inhibition 
on μ opioid receptors. The study showed that σ1 receptor 
inhibition could enhance peripheral opioid analgesia without 
increasing opioid-induced constipation.65 This study illustrates 
the impetus for finding ways to mute opioid side effects.

Cannabinoid Modulation of Pain
Recent policy changes have brought 
cannabinoids into the public mind. Various 
states have legalized the medical use of 
marijuana.66 The states of Colorado and 
Washington have legalized its recreational 
use.66 This paper will not explore marijuana 
policies; however, a significant body of 
scientific research evaluates cannabinoids 
as pain modulators.

Maione et  al.67 demonstrated that 
cannabinoids could work by modulating 
TRP channels. In anesthetized rats, 
cannabinoids were injected into the PAG.67 
After these injections, the rats demonstrated 
antinociceptive responses accompanied by 
a decrease in both ON (pain excitatory) 
and OFF cell (pain inhibitory) activity in 
the RVM.63 Maione et  al.67 suggest that 
cannabinoids function by inhibition of 
adenosine and by enhancement of serotonin 
receptors. Using a mouse model, Toth 
et al.68 studied the effect of cannabinoids on 
neuropathic pain. Toth and coinvestigators68 
noted that the accumulation of microglial 
cells in the dorsal spinal cord is associated 
with induction of a neuropathic pain state. 

Administration of cannabinoids was found to lower nociceptive 
signaling in a mouse model of microglial accumulation.68 These 
findings suggest potential use of cannabinoids as a treatment for 
patients with neuropathies.68 Using a rodent model, Xiong et al.69 
provided evidence that cannabinoids can decrease nociceptive 
transmission by activating the α3 glycine receptor. Cannabinoids 
could potentially be used as a novel class of agents for the treatment 
and management of chronic pain.69

In a study conducted by Benedetti et al.,70 human subjects 
were given naltrexone (opioid receptor antagonist), rimonabant 
(cannabinoid receptor antagonist), placebo, or a combination of 
naltrexone and rimonabant. The subjects were then submitted 
to experimental pain induction under different settings.70 This 
study showed that changing the subjects’ understanding of the 
meaning of a painful stimulus changed their ability to tolerate 
pain.70 Specifically, while expecting a positive result, the subjects 
tolerated pain longer.70 The study also showed that increased 
pain tolerance could be reduced by the blocking opioid and 
cannabinoid receptors.70 Benedetti et al.70 concluded that opiate 
and cannabinoid modulation of pain mediates the interaction 
between pain perception and reward mechanisms.

At present, research into the potential cannabinoid analgesic 
treatments is a particularly active area of pain research. Although 
controversial, cannabinoids represent a potentially fruitful avenue 
for generating novel interventions for the treatment of pain.

Electrical Modulation of Pain (Electroanalgesia)
Electroanalgesia finds its theoretical underpinnings in the 
GCT.7,71 One study evaluated the efficacy of Transcutaneous 
Electrical Nerve Stimulation (TENS) in alleviating shoulder 
pain.72 Subjects were monitored via functional MRI while TENS 
was administered.72 Researchers found a statistically significant 
decrease in perceived pain intensity and pain-specific activation 
of pain processing structures.72 Vo and Drummond,73 after 

Figure 3. Opioid inactivation of calcium channels. Opioids act on opioid receptors (μ, κ, δ, and opioid receptor-
like receptor [ORL]) leading to the activation of G-proteins and both direct and indirect closing of ion channels. 
Activated G-proteins can directly close ion channels. Activated G-proteins also inactive adenylate cyclase, which, 
when activated, opens ion channels.
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noting studies that examined a link between forehead analgesia 
and painful stimuli on the forearm, conducted experiments 
in central sensitization using UV and electrical stimulation. 
Electrical stimulation was found to induce central sensitization 
that was stronger than UV-induced sensitization.73 DaSilva et al.74 
studied transcranial direct current stimulation in patients with 
migraines, demonstrating positive (albeit delayed) analgesic 
results.74

Studies examining electrical modulation of pain are not 
universally successful. In one study, for example, Claydon 
et al.75 compared the efficacy of shock treatments to placebo 
and found no significant difference between them, and noted 
that the parameters of the study differed from many other 
TENS studies. Claydon et al.75 also observed that no scientific 
consensus exists to define electroanalgiesia parameters. A study 
by Vassal et al.71 compared high frequency electrical stimulation 

analgesia to placebo. TENS was found to significantly attenuate 
pain compared to Vassal’s TENS placebo.71 While standards to 
guide the application of electrical analgesia are poorly defined, 
there is significant evidence that electrical modulation of pain 
is possible.

Expert Commentary and 5-Year Review
Various mechanisms by which the interventions discussed in this 
review mediate analgesia are graphically illustrated in Figure 4.  
In regard to potential analgesic therapies, existing research 
highlights a variety of areas in which additional research may 
yield novel analgesics. Specific serotonin receptors mediate 
analgesia (5-HT1A, 5-HT1B, 5-HT1D, and 5-HT7), while others 
are pronociceptive (5-HT2A and 5-HT3).34 Interventions that 
specifically agonized antinociceptive receptors or antagonized 
pro-nociceptive receptors (or both) could produce analgesic 

Figure 4. Schema for analgesia. This schematic diagram briefly illustrates the mechanism of analgesic action for a variety of modulatory processes. Starting from the top 
left and moving clockwise, the legend will briefly summarize each. Placebo modulation works via the endogenous opioid pathway. Endogenous opioids activate opioid 
receptors. The primary effect of activated opioid receptors is analgesia through inhibition of Ca++ and K+ channels, thus preventing the release of neurotransmitter vesicles. 
Electrical stimulation provides analgesia by increasing competitive, somatosensory signals, resulting in less nociceptive transmission. Galanin works by decreasing nocicep-
tive transmission via GalR1, 2, and 3 receptors. Cannabinoids work by inhibiting TRP channels (pain transduction) and by decreasing nociceptive transmission via alpha-3 
receptors. Cholecystokinin (CCK) receptor activation decreases GABA and antagonizes opioid and cannabinoid receptors. Antagonizing CCK receptors can have an analgesic 
effect. GABA is an inhibitory amino acid. Agonistic activity of GABA receptors can diminish the sensation of pain. Serotonin mediates analgesia via a variety of 5-HT receptors. 
Norepinephrine mediates analgesia via alpha-2 receptors. Dopamine inhibits glutamate release, which decreases pain transmission. Exogenous opioids work via the same 
receptors and processes as endogenous opioids.
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results.34,37 Antagonists for central CCK receptors could 
potentially increase the viability of placebo analgesia and other 
analgesic interventions.43 This suggests that the power of the 
placebo effect is likely to be magnified with the administration of 
central CCK antagonists.43 This effect should be tested for clinical 
applicability. Galinin, similarly, could be a target of analgesic 
therapy, particularly in those that are obese.49,53 Perhaps most 
surprisingly, GABA agonists are not currently optimized for 
pain relief, but could theoretically have significant pain-relief 
efficacy.46 Cannabinoids have been shown to possess pain-
relieving qualities and are likely to underlie future clinical pain 
interventions because they affect pain pathways in a novel way.47 
Truly, existing research has underscored a variety of agents with 
unexploited analgesic potential. These agents and interventions 
merit additional scrutiny.

In regard to potential diagnostic methods to measure or 
evaluate pain, currently, no objective measures are available. 
While a flawless objective measure of pain is unlikely, several 
biomarkers of physiological and chemical changes could act as 
objective “clues.” For example, measurements of cortical thickness 
could potentially be used to predict and diagnose chronic pain.58 
Other studies suggest that the availability of opioid receptors 
could be linked to pain severity.13 Similarly, a relationship has 
been observed between the population of white cells in an 
area and the degree of endogenous pain relief.18 Genetically, 
the presence of certain alleles could explain differences in pain 
thresholds.35,36 These effects should be studied for generalizability 
and clinical significance. Collectively, these observations point 
to the potential for developing objective, albeit imperfect, 
measures of clinical pain. Additional research is needed to define 
the sensitivity, specificity, and cost effectiveness of using these  
techniques.

Conclusion and Future Direction
Indeed, objective evaluation of pain remains a tremendous 
clinical challenge. Despite a vast body of research, many 
significant questions remain unanswered. These include: (i) 
the investigators debate the usefulness of electroanalgesia, but 
use different parameters in their research.71 What parameters 
maximize the efficacy of electroanalgesia? (ii) Endogenous 
opioids lack central side effects because they are delivered to 
their site of action by immune cells.16,18 Could exogenous opioids 
be delivered in this way? (iii) Dopamine underlies a variety of 
different pharmaceutical interventions, including pain. What 
are the specific interactions of pain treatments with pathologies 
caused by a derangement of dopamine and its receptors? How do 
agents that act on dopamine receptors interact with each other? 
When given in combination, how do these agents affect clinical 
outcomes? (iv) The RVM (and mediators that affect its action) has 
been named as an anatomical site tied to the chronicity of pain.43 
Could further research into RVM function elucidate the process 
of pain chronicity? (v) Allele polymorphisms may be predictive 
of pain susceptibility.35,36 Do those that possess these alleles 
account for an outsized portion of the chronic pain population? 
(vi) Could tests be devised to estimate risk in an individual to 
develop chronic pain? Combined with questions regarding 
the generation of novel analgesic treatments and the potential 
for objectives tools to measure pain in a clinical setting, these 
questions represent key areas of inquiry for the improvement 
in pain modulation and developing better therapeutic  
approaches.
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