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Abstract

Nicotinic acetylcholine receptors (nAChRs) are actively being investigated as therapeutic targets 

for the treatment of pain and inflammation, but despite more than 30 years of research, there are 

currently no FDA approved analgesics that target these receptors. Much of the initial research 

effort focused on the α4β2 subtype, but more recently, additional subtypes have been identified as 

promising new therapeutic targets and include α6β4, α7 and α9-containing subtypes. This Review 

will focus on the distribution of these nAChRs in the cell types involved in neuropathic pain and 

inflammation as well as current pharmacological compounds that target them.
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Introduction

nAChRs are numerous, diverse, and composed of different subunits forming multiple 
subtypes

nAChRs belong to the Cys-loop superfamily of receptors that include GABAA, glycine, and 

serotonin 5HT3. Each receptor is composed of five individual subunits that assemble 

together to form pentameric ligand-gated ion channels. In the human genome, there are 

sixteen genes that encode the various subunits and include α1-α7, α9, α10, β1-β4, δ, ε, and 

γ. The α1, β1, δ, ε, and γ subunits form the nAChR subtype found at the neuromuscular 

junction. The remaining α and β subunits assemble in various combinations to form 

numerous and distinct receptor subtypes, and almost all of these subtypes are expressed by 

neurons. A limited subset has been reported to be expressed by non-neuronal cells and will 

be an important topic of this review. In the central nervous system (CNS), the most abundant 
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nAChRs contain α4 and β2 subunits and form the α4β2* subtype; the asterisk indicates that 

additional subunits are potentially present in native nAChRs. Other abundant subtypes 

expressed by CNS neurons include α6β2* and α7*. In the peripheral nervous system (PNS), 

the most abundant subtypes are α3β2* and α3β4* and are prominently expressed by 

ganglionic neurons [1–5]. nAChRs are also expressed by a variety of non-neuronal cells 

including cochlear hair cells [6], various immune cells, keratinocytes [7] and chromaffin 

cells of the adrenal gland [8], among others. For an in depth review of the structure, 

function, and distribution of nAChRs in general see [9–11].

nAChR subtypes display different sensitivities to ligands

The diversity of nAChR subunits and their ability to assemble in multiple combinations 

gives rise to myriad subtypes with different sensitivities to ligands. The canonical ligand-

binding site of heteromeric nAChRs composed of α and β subunits is located at the interface 

between each α and β subunit. Thus, a receptor composed of (α4)2 and (β2)3 subunits 

would have two canonical ligand-binding sites. Similarly, a receptor with a stoichiometry of 

(α4)3(β2)2 would also have two similar ligand-binding sites. However, although these sites 

may be identical at the amino acid level, recent studies suggest that they may not be 

equivalent in terms of ligand affinity and mechanism of action. One of the first pieces of 

evidence in support of this hypothesis comes from studies using the analgesic compound 

sazetidine-A [12]. Initially, it was reported that this compound desensitized rat α4β2 

nAChRs heterologously expressed in HEK293 cells without inducing functional responses. 

Subsequently, it was discovered that sazetidine-A was, in fact, capable of evoking ionic 

currents in Xenopus laevis oocytes expressing human α4β2 nAChRs [13]. The authors 

demonstrated that sazetidine-A showed differential effects on α4β2 nAChRs depending on 

the stoichiometry of the receptors present. Receptors with a stoichiometry of (α4)2(β2)3 

were activated by sazetidine-A with a 99% efficacy, relative to the maximal response to 

acetylcholine, whereas those with a stoichiometry of (α4)3(β2)2 responded with an efficacy 

level of only 6%. Additional studies using concatamers of α4 and β2 subunits [14] 

confirmed and extended the observations of Zwart et al., [13] to include additional agonist 

compounds. These studies concluded that (α4)2(β2)3 nAChRs showed high sensitivity (HS) 

to agonists ligands whereas those with an (α4)3(β2)2 stoichiometry showed low sensitivity 

(LS). It has also been shown that a 3rd non-canonical ligand-binding site is present between 

the α4-α4 interface of the (α4)3(β2)2 LS stoichiometry, the α5-α4 interface of the 

(α4)2(β2)2α5 subtype, and the β3-α4 interface in the (α4)2(β2)2β3 subtype [15–18]. 

Interestingly, some agonist ligands are excluded from these non-canonical sites. Sazetidine-

A, for example, is unable to bind to the α4-α4 interface of the (α4)3(β2)2 LS stoichiometry. 

This differential agonist sensitivity of nAChRs with alternate stoichiometries is not limited 

to receptors composed of α4 and β2 subunits. Receptors containing α3 and β4 subunits also 

show the same pattern of differential sensitivity to agonists [19, 20]. Additionally, it has 

been shown that the potency and efficacy of a given ligand could be altered if the 5th subunit 

in the receptor complex was an α5 subunit i.e. receptors with an (α3)2(β4)2α5 

stoichiometry.

Lastly, a new class of ligands has been discovered that, rather than acting as agonists, act as 

positive allosteric modulators (PAMs) of receptor function [21, 22]. Several types of PAMs 
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have been identified for the α7 subtype. Type I PAMs increase peak amplitudes of agonist-

induced currents without large effects on response kinetics, and type II PAMs increase 

receptor function by limiting desensitization and prolonging responses [23–25]. A third type 

of PAM, called ago-PAMs, show intrinsic allosteric agonist activity as well as Type II effects 

[26, 27]. PAMs and other types of ligands that increase receptor activity have also been 

reported for α4β2 nAChRs [28–30]. For example, the agonist NS9283 selectively binds to 

the orthosteric agonist site at the α4-α4 interface of the (α4)3(β2)2 receptor and increases 

receptor sensitivity to agonists but cannot, by itself, gate the receptor due to the lack of a 

second binding site [31, 32]. PAMs and other ligands that increase receptor activity without 

activating them have been proposed as promising therapeutics with reduced side effects. 

Rather than chronically stimulating the receptor targets with an agonist that may ultimately 

result in desensitized receptors, it might be more desirable to selectively increase receptor-

response to endogenous cholinergic tone.

Subtype-selective ligands are critical for avoiding off-target effects

The enormous diversity of nAChR subtypes not surprisingly makes designing and 

developing subtype-selective ligands a challenging endeavor and the successful development 

of nicotinic agonists as therapeutics for the treatment of pain has been hampered because of 

it. Candidate therapeutics that that have off-target activity on α3-containing subtypes are 

particularly problematic as they provoke a variety of autonomic nervous system side effects 

including cardiovascular and gastrointestinal [33]. The α4β2 agonist ABT-594 [34], for 

example, has been shown to be analgesic in a several models of neuropathic pain in rodents 

[35–37] as well as in humans with diabetic neuropathy [38, 39]. However, serious side 

effects limit its therapeutic use as an analgesic [38, 40, 41]. Nevertheless, low doses of 

ABT-594 that do not activate α3-containing nAChRs may be useful as an adjunct therapy or 

in combination with ligands that increase receptor activity, but do not activate the receptor, 

to treat pain [42–44].

α6β4 nAChRs in pain

Subunit composition and tissue distribution

The α6β4* subtype has a very limited distribution in the central and peripheral nervous 

systems and very little is known about its functional roles. Expression of α6β4* nAChRs in 

the PNS was demonstrated in functional studies of rat DRG neurons where they are co-

expressed with several other nicotinic subtypes including α3β4*, α7, and a β2-containing 

subtype [1]. Immunohistochemical studies of mouse DRG indicate that α6 subunits are 

expressed by small to medium diameter neurons [45]. Subsets of these α6-positive neurons 

express markers for nociceptive neurons; 66% were A-β positive, 26% isolectin B4 positive 

(IB4+), and 8% were calcitonin gene-related peptide positive (CGRP+) (8%). These studies 

indicate that neurons that express α6-containing nAChRs may be putative nociceptors.

Potential roles in the sensory system

The functional role of α6β4* nAChRs in DRG neurons is mostly unknown, but the 

expression of α6 subunits in nociceptors suggests they may be involved in the sensory 

processing of information regarding pain. Functional studies in Xenopus oocytes expressing 
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α6β4 nAChRs indicate that stimulation with a nicotinic agonist results in cross-inhibition of 

co-expressed purine P2X receptors through distinct mechanisms depending on the P2X 

receptor subtype expressed. Simulation of oocytes co-expressing α6β4 and P2X2 receptors 

resulted in prolonged desensitization of P2X2 receptors whereas co-expressing P2X3 

receptors with α6β4 nAChRs resulted in reduced sensitivity to ATP. Reduced P2X3 

sensitivity to ATP occurred even in the absence of α6β4 stimulation suggesting that there 

may be direct physical interaction between the two receptor types [46]. Both mechanisms, 

desensitization and decreased sensitivity to ATP, might be expected to have inhibitory effects 

on P2X receptor signaling of pain. Indeed, drugs that inhibit P2X receptors are being 

investigated for their use in treating chronic pain conditions [47, 48].

Targeting α6β4 for treating neuropathic pain

Recent studies of neuropathic pain by Mogil el al. [45] have shown that CHRNA6 
expression levels are inversely correlated with the manifestation of neuropathic pain 

symptoms in mice as well as in humans. This coupled with the studies by Lester et al. [46] 

suggest that stimulation of α6β4* nAChRs may produce analgesia through P2X receptor 

inhibition or some other as yet unidentified mechanism. Ligands that selectively target α6β4 

over other nicotinic subtypes may be critical to avoid undesirable secondary side effects. As 

discussed above, nAChR subunits assemble in various combinations to form different 

receptor subtypes, and each of these subtypes displays distinct, yet overlapping, sensitivities 

to ligands. This is especially true for the more closely related subtypes such as α3β2 and 

α3β4 but is also true for α3β4 and α6β4 subtypes.

Stimulation of α3-containing nAChRs in the PNS may produce a number of side-effects, 

most notably cardiovascular and gastrointestinal [49]. The α3β4* subtype is prominently 

expressed in a variety of PNS neurons including those of DRG [1, 50, 51], superior cervical 

ganglia [2, 5], cardiac ganglia [52], and ganglia innervating the viscera [2, 4]. α3β2* 

nAChRs are also present in cardiac [52] and superior cervical [2] ganglia. Additionally, 

α3β4* nAChRs are the predominant nAChR subtype expressed by human adrenal 

chromaffin cells [53], the primary source of circulating catecholamines. Exposure of adrenal 

chromaffin cells to nicotinic agonists increases cell excitability and may result in increased 

release of catecholamines, potentially producing cardiovascular effects [54]. Lastly, 

stimulation of α3β4* receptors may, in fact, be pro-nociceptive. In human sural nerve, 

activation of α3β4* nAChRs by nicotine has an excitatory effect by lowering the threshold 

for the firing of action potentials [55]. Thus, in neuropathic pain stimulation of both α3β4* 

and α6β4* may produce counteracting effects hence the critical need for agonists that 

selectively target α6β4 over α3β4 nAChRs.

α7 nAChRs in pain and inflammation

Subunit composition and tissue distribution

nAChRs containing the α7 subunit are widely distributed throughout the nervous system and 

is one of the few mammalian nicotinic subunits shown to form homopentameric receptors. It 

has been suggested that most α7 receptors expressed in rat brain are homopentamers [56, 

57], however recently it has been shown that subpopulations of basal forebrain, 
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hippocampal, and cortical neurons express a heteromeric α7β2 subtype [58–61]. 

Peripherally, α7* nAChRs are expressed by numerous ganglionic neurons including those 

found in ciliary [62], superior cervical [63], and dorsal root [50, 51] ganglia. An α7α10 

subtype has also been reported in sympathetic neurons [64], but additional studies 

corroborating the presence of such a subunit combination are needed. Adrenal chromaffin 

cells are also widely reported to express α7 nAChRs and presumably are involved in the 

secretory function of these cells, although their exact functional role is currently unknown 

[65–67].

Primary DRG afferents have been reported to express α7 nAChRs and are involved in the 

modulation of glutamate release onto dorsal horn neurons, enhancing excitatory 

transmission at this synapse [68]. Modulating nAChR activity in DRG neurons has been 

proposed to be one mechanism of producing nAChR-mediated spinal analgesia [69]. Direct 

excitation by nicotinic agonists of inhibitory neurons in the dorsal horn enhances the activity 

of GABAergic/glycinergic interneurons, although most of this effect has been attributed to 

non-α7 subtypes [70–75]. DRG-expressed α7 nAChRs have also been shown to modulate 

the production of nitric oxide [76], an effect that may confer neuroprotection to injured or 

axotomized DRG neurons [77]. Importantly, α7* nAChRs have received significant 

attention in the area of pain and inflammation research due to their expression by numerous 

types of non-neuronal cells of the immune system including lymphocytes [78–80], 

monocytes/macrophages [81–84], and microglial cells [85, 86].

Potential roles of α7 in the immune system

It is not surprising given the expression of α7* nAChRs by immune cells that they have been 

implicated in various immunological processes including the modulation of the 

inflammatory response in conditions such as sepsis [87] and various other inflammatory 

diseases [88]. Early elucidation of the role of α7 nAChRs in inflammation comes from the 

work of Tracey et al. [81, 89–91] who proposed the cholinergic anti-inflammatory pathway, 

a potential communication link between the immune and nervous systems. This model 

proposes that the immune and nervous systems interact via the vagus nerve. Electrical or 

pharmacological stimulation of the vagus nerve reduces circulating levels of tumor necrosis 

factor-α (TNF-α) in models of endotoxemia [92, 93] and macrophages expressing α7* 

nAChRs have been suggested to play a pivotal role [81, 91, 94]. Functionally, α7* nAChRs 

have been shown to be coupled to the JAK-STAT pathway of macrophage inactivation [95]. 

Treatment of primary mouse peritoneal macrophages with lipopolysaccharide (LPS) results 

in the recruitment of the tyrosine kinase janus kinase-2 (JAK2). JAK2 phosphorylates signal 

transducer and activator of transcription 3 (STAT3), and once phosphorylated, dimerizes and 

translocates to the nucleus to inhibit the transcription, and ultimately the production, of pro-

inflammatory cytokines. Stimulation of the vagus nerve in vivo correlates with the activation 

of STAT3. Additionally, stimulation of α7* nAChRs expressed by monocytes/macrophages 

has been shown to inactivate nuclear factor-κB (NF- κB)-mediated production of pro-

inflammatory cytokines [82, 96]. NF-κB is a nuclear transcription factor that initiates the 

production of pro-inflammatory mediators including TNF-α, prostaglandin E2 (PGE2), and 

macrophage inflammatory protein-1α (MIP-1α), among others. In LPS-challenged human 

peripheral monocytes, activation of α7* nAChRs by nicotine inhibited the synthesis of all 

Hone and McIntosh Page 5

FEBS Lett. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



three of these pro-inflammatory mediators. Thus, in this model, the release of acetylcholine 

by the vagus nerve stimulates α7* nAChRs expressed by monocytes/macrophages to 

activate the JAK-STAT anti-inflammatory signaling pathway while simultaneously 

inactivating NF-κB pro-inflammatory pathways. However, the apparent lack of direct 

innervation of the spleen by the vagus nerve has called this model into question.

Alternative hypotheses postulate that a non-neural cholinergic pathway is important in the 

anti-inflammatory actions of nicotinic agonists in models of inflammatory disease [97, 98]. 

Various immune cells, including T cells, are known to be capable of synthesizing and 

releasing acetylcholine [99]. Subsets of splenic T cells have been shown to be a source of 

acetylcholine that activates this non-neural cholinergic anti-inflammatory pathway via α7* 

nAChRs [100]. These T cells are activated by norepinephrine released by α7*-expressing 

celiac neurons that directly innervate the spleen [101] providing a critical communication 

link between the nervous and immune systems. As discussed below, pharmacological 

stimulation of α7* nAChRs in this pathway has been shown to be anti-inflammatory in a 

number of inflammatory disease models. A summary of the cells types involved in pain and 

inflammation as well as the effects of α7 nAChR stimulation is presented in Table 1.

Targeting α7 for treating neuropathic and inflammatory pain

Nicotinic receptors containing the α7 subunit have been investigated for some time as 

potential targets for the modulation of pain and inflammation. Initially, research efforts were 

focused on drugs with agonist mechanisms of action. The prototypical agonist and 

endogenous neurotransmitter choline has been shown to be analgesic in several models of 

pain and inflammation in rodents [102–105], although positive results have not always been 

observed in humans [106]. In a comparative study of choline and the α7 nAChR partial 

agonist GTS-21, both compounds were capable of reducing HIV glycoprotein 120 (gp120)-

induced increases in IL-1β protein as well as mRNA for various inflammatory mediators 

[107]. Furthermore, both compounds reduced gp120-induced mechanical allodynia. GTS-21 

has also been shown to be analgesic in an incisional model of post-operative pain [108]. 

Unfortunately, despite positive results with choline and GTS-21, long term treatment with 

α7 agonists may have undesirable consequences. The expression and upregulation of α7 

nAChRs has been associated with pro-oncogenic activity in several types of cancer [109, 

110]. Of critical importance in the context of neuropathic pain and inflammation, is the fact 

that some α7-selective agonists may not be truly selective, but instead may also activate α9-

containing nAChRs which, as will be discussed below, may produce counteracting effects 

[111]. Choline is one such example of an α7 agonist that also activates α9-containing 

nAChRs [6, 112, 113]. These and other concerns have led to the consideration of α7-

targeting compounds with alternative mechanisms of action.

PAMs are ligands that lack intrinsic agonist activity but function by modulating the activity 

of the target receptor in the presence of an agonist. As discussed above, Type I PAMs 

increase responses without affecting desensitization whereas Type II PAMs increase receptor 

response by reducing desensitization. In addition, novel ligands called ago-PAMs that 

display both intrinsic agonist activity as well as PAM activity have been discovered [27]. 

Numerous PAM ligands have been tested in animal models of pain and inflammation. 
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GAT107 is an example of an ago-PAM that was shown to be effective in a battery of 

neuropathic and inflammatory pain models [114]. In a comparative study of NS1738 (Type 

I) [21] and PNU120596 (Type II) [22], the latter was shown to be effective in reducing 

inflammatory pain in the formalin test [115] as well as neuropathic pain in the chronic 

constriction injury (CCI) model [116]. Thus, one strategy for producing analgesia via α7 

nAChRs without chronically activating the receptors is to use a PAM to selectively enhance 

receptor function in response to endogenous cholinergic tone [117]. PNU120596 has also 

been shown to enhance the anti-nociceptive effects of α7 agonists in the formalin test [118].

Lastly, an additional class of α7 ligands under consideration for the treatment of pain and 

inflammation belong to the so-called silent agonist class. These compounds are reported to 

have very little agonist activity by themselves but have substantially increased activity in the 

presence of a PAM. Two such compounds, NS6740 [119, 120] and PMP-072 [121], have 

been shown to be analgesic in CCI and anti-inflammatory in the collagen-induced arthritis 

(CIA) model, respectively. Interestingly, the therapeutic properties of both compounds are 

reported to be mediated through receptors in the non-conducting state suggesting that a 

mechanism other than classical ion channel function is present in immune cells. A summary 

is presented in Table 2 of the ligands discussed above and the effects of α7 nAChR 

stimulation on the target cell population. For further review of the involvement of α7 

nAChRs in pain and inflammation and therapeutic strategies for targeting them see Bagdas 

et al., [122].

α9 nAChRs in neuropathic pain and inflammation

Subunit composition and tissue distribution

The sequence encoding the α9 subunit was first identified by PCR screening of a rat 

genomic cDNA library [6]. In situ hybridization studies of rat embryos identified mRNA 

transcripts for α9 in the pituitary, tongue, olfactory epithelium, and hair cells of the cochlea. 

Injection of Xenopus laevis oocytes with cRNA for α9 resulted in the formation of 

functional homopentamers as determined by electrophysiology. A few years later, a related 

nicotinic subunit was discovered that is now known as α10 [113, 123, 124]. However, in 

contrast to α9, oocytes injected with cRNA or cDNA constructs for α10 failed to show 

functional responses. Furthermore, injection of α10 with α2-α6 or β2-β4 subunit cRNA 

also failed to produce functional responses, but instead co-injection with α9 yielded currents 

with distinct biophysical properties that were distinguishable from those of oocytes 

expressing α9 homopentamers [123]. Currents in oocytes injected with α7 and α10 were 

indistinguishable from oocytes expressing α7 homopentamers. These experiments 

demonstrated that α9 and α10 subunits were capable of assembling together to form 

functional heteropentamers and displayed properties similar to the nAChRs present in 

cochlear hair cells [123, 125, 126].

With respect to pain and inflammation, two cell types may be of particular relevance: DRG 

neurons and immune cells. mRNA transcripts for α10 subunits have consistently been 

reported in DRG neurons [1, 127, 128], but transcripts for α9 subunits are found 

inconsistently or in low abundance [1, 128, 129]. Furthermore, protein for α9 subunits has 

not been reported [129], nor have currents that could be attributed to α9-containing nAChRs 
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[1, 50]. Therefore, the expression of α9-containing nAChRs in rodent DRG neurons remains 

unclear. In contrast, transcripts for both α9 and α10 subunits have consistently been reported 

in a variety of native immune cells, and cell lines derived from immune cells including 

monocytes and macrophages [83, 130, 131], mast cells [132], B cells [124, 133], and T 

lymphocytes [124, 134]. Functional responses in human primary mononuclear leukocytes 

and the monocyte U937 cell line have been demonstrated and are functionally coupled to 

purine P2X receptors [83, 135–138]. A summary of the cell types involved in pain and 

inflammation as well as the effects of α9 nAChR stimulation is presented in Table 3.

Potential roles of α9-containing nAChRs in neuropathic pain and inflammation

While the exact role of α9* nAChRs is still under investigation, their very presence in 

immune cells suggests that they may be involved in immunological processes. Functionally, 

α9* nAChRs have been shown to modulate the release of IL-1β from human monocyte-

derived U937 cells as well as from mouse peripheral blood mononuclear leukocytes [83, 

135, 136]. It is important to point out that in these studies nicotine functioned as an agonist 

in contrast to the antagonist action observed for oocyte- and hair cell-expressed α9* 

nAChRs [6, 112, 123]. Furthermore, unlike oocyte- and hair cell-expressed α9* nAChRs, 

those found in U937 cells and leukocytes do not function as canonical ligand-gated ion 

channels; application of agonists that activate oocyte- or hair cell expressed α9-containing 

nAChRs do not evoke ion currents in tested immune cells. Nevertheless, exposure of U937 

cells to nicotine, choline, or acetylcholine was shown to inhibit the release of IL-1β, an 

effect that could be prevented by pre-exposing the cells to nAChR antagonists. Such an 

effect in vivo might be expected to reduce inflammation. However, several antagonists of 

α9-containing receptors have been shown to be analgesic and anti-inflammatory in animal 

models of neuropathic pain and inflammation, as will be discussed below. Clearly, more 

work is needed to investigate these unusual properties of immune cell expressed α9* 

nAChRs and their involvement in inflammatory processes in vivo. Separately, nicotine has 

also been shown to reduce the proliferation of pro-inflammatory monocytes in bone marrow 

of LPS challenged mice, an effect attributed to α9* nAChRs [133]. Similarly, mice in the 

experimental autoimmune encephalomyelitis (EAE) model show a reduction in the number 

of pro-inflammatory monocytes and neutrophils infiltrating the CNS with nicotine treatment 

[139].

Several models of pain and inflammation have demonstrated that α9* nAChRs play a role in 

modulating the pathophysiology associated with each respective nerve injury model and 

include neuropathic pain resulting from traumatic injury to nerves [140] and 

chemotherapeutic-induced neuropathy [141]. Studies using mice with germline deletion of 

the α9 gene (CHRNA9) also point to role in immunomodulation. CHRNA9 knockouts (α9 

KOs) subjected to traumatic nerve injury (CCI) or inflammatory pain (paw injections of 

complete Freund’s adjuvant; CFA) developed mechanical hyperalgesia to a lesser degree 

than wild type (WT) mice and recovered from CCI more quickly [142]. In the oxaliplatin 

model of peripheral neuropathy, α9 KOs were resistant to the development of long-lasting 

cold allodynia, a side effect characteristic of treatment with this chemotherapeutic drug in 

humans [143]. Lastly, in the EAE model of multiple sclerosis, α9 KOs showed a delayed 

onset and an overall reduction in severity of symptoms relative to WTs [144]. These disease 
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modifying effects observed in CCI and CFA models of pain and in EAE are consistent with 

immunomodulation and suggest that α9* nAChRs are involved per se in the pro-

inflammatory aspects of some inflammatory conditions.

Targeting α9-containing nAChRs for treating neuropathic and chemotherapeutic-induced 
pain

Rats subjected to traumatic nerve injury show a reduction of immune cell infiltration into the 

site of injury when treated with the selective α9-containing nAChR antagonist α-conotoxin 

(α-Ctx) RgIA [145, 146]. Antagonists of α9-containing nAChRs have also been shown to 

prevent or reduce the pathophysiological changes in DRG neurons observed in traumatic and 

chemical nerve injury models [140, 141]. Furthermore, α9 KO mice that developed 

temporary cold allodynia were resistant to treatment with an analog of RgIA (RgIA4) in 

contrast to their WT cohorts that showed significantly reduced responses to cold allodynia. 

These studies suggest that for certain conditions, an α9-containing nAChR antagonist may 

be a useful therapeutic for treating patients that have experienced nerve injury or have 

undergone treatment with chemotherapeutics. They also suggest that therapeutics that target 

α9-containing subtypes may be useful as prophylactics for preventing the onset and severity 

of certain inflammatory diseases, or may be given pre-operatively to prevent neuropathies 

associated with trauma to nerves during surgery.

The observations that α-Ctx antagonists of α9-containing subtypes were analgesic and anti-

inflammatory provided the initial impetus for the development of a drug that targets these 

receptors [145, 147]. Current research efforts have focused on both peptides and small 

molecules. Several conopeptides, each targeting a particular receptor, ion channel, or 

transporter, have been investigated as potential therapeutics for diverse neurological 

conditions [148–150]. One such peptide, ω-Ctx MVIIA, that targets voltage-gated calcium 

channels, was approved by the FDA in 2004 as ziconotide and is used in the treatment of 

intractable or opiod-resistant types of pain [151, 152]. Another ω-Ctx, CVID, has also been 

investigated as a treatment of neuropathic, inflammatory, and cancer pain and is reported to 

have substantially reduced side effects compared to MVIIA [153–155]. Vc1.1, also known 

as ACV1, was the first nAChR-targeting α-Ctx considered for the treatment of neuropathic 

pain [156, 157]. Vc1.1 was shown to alleviate neuropathic pain symptoms and accelerate the 

functional recovery of sensory neurons in rats subjected to CCI or partial sciatic nerve 

ligation (PSNL) [147]. Unfortunately, therapeutic benefit was not observed in humans 

during Phase II clinical trials and, consequently, further investigation was discontinued [158, 

159]. Subsequently, it was determined that Vc1.1 was several orders of magnitude less 

potent on human α9α10 nAChRs compared to the rodent receptor [160] which may, in part, 

account for the lack of therapeutic effects in humans.

At the time of RgIA’s discovery, other conopeptides had been shown to inhibit α9-

containing nAChRs but none of them were sufficiently α9-selective. Thus, RgIA provided a 

promising platform with which to develop novel therapeutic ligands that selectively target 

α9-containing nAChRs. However, RgIA, like Vc1.1, was also several orders of magnitude 

less potent on human vs rat α9α10 nAChRs [160]. α-Ctxs are relatively small peptides 

usually 13–17 amino acids in length that are easily produced by standard chemical synthesis 
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techniques. Furthermore, derivatives of the native peptides can be generated to improve 

target specificity, potency, stability, and bioavailability. In an effort to improve the potential 

of RgIA as a human therapeutic, a series of analogs was synthesized by replacing key 

residues of the native peptide sequence with select amino acids or non-standard amino acids 

to improve the potency for human α9-containing nAChRs [143]. One of these analogs, 

RgIA4, showed a ~300-fold increase in potency and, critically, was >1,000-fold more potent 

on α9α10 nAChRs than α7 nAChRs. As previously discussed, RgIA4 has been shown to be 

an effective analgesic and prophylactic in the oxaliplatin model of neuropathic pain [112, 

143]. Additional conopeptides have also been recently discovered that selectively target α9-

containing nAChRs [161, 162]. These peptides are structurally unrelated to RgIA and Vc1.1 

yet analgesic, further validating α9-containing nAChRs as therapeutic targets for the 

treatment of neuropathic pain. However, some studies have postulated that the mechanism of 

action of Vc1.1 and several other α-Ctxs is mediated through G-protein coupled GABAB 

receptors [163]; for recent reviews see [164, 165].

A separate class of non-peptide small molecule antagonists of α9-containing nAChRs has 

recently been discovered and shown to have analgesic properties. A series of highly potent 

azaaromatic quaternary ammonium analogs was synthesized and shown to be effective 

analgesics in both the CCI model of neuropathic pain as well as the formalin test model of 

inflammatory pain [166]. Two of these compounds, ZZ-204G and ZZ1-61c, were selected 

for further study to determine their ability to produce analgesia in different pain models. 

ZZ-204G reduced mechanical hyperalgesia in rats subjected to CCI and also reduced 

inflammatory pain in the formalin test model [167]. In the vincristine model of 

chemotherapeutic-induced neuropathy, ZZ1-61c was demonstrated to effectively reduce 

mechanical hyperalgesia and allodynia in established neuropathy [168]. A summary of the 

ligands targeting α9-containing nAChRs and the effects observed in models of neuropathic 

pain and inflammation is presented in Table 4.

Treating neuropathic pain and the avoidance of drug abuse, dependence, and addiction

Nicotinic agonists that target CNS α4β2* nAChRs may have the potential for abuse and 

addiction. The α4β2 subtype has been widely implicated in the reinforcing properties of 

nicotine [169]. Partial agonists of α4β2 nAChRs including varnicline, dianicline, and 

cytisine reduce the actions of nicotine and are effective treatments for nicotine addiction 

[170, 171]. However, non-nicotine tobacco components may also contribute to tobacco use 

and therefore the addiction potential of α4β2 agonists may well be lower than that of 

tobacco [172]. As previously discussed, the α6β4* subtype has a very limited distribution 

pattern and functional responses attributable to this subtype have only been demonstrated in 

the hippocampus of adolescent mice (but not adults) and in rat DRG neurons. Their apparent 

absence in reward centers of the brain makes it unlikely that α6β4 agonists would have 

reinforcing properties. The α7 subtype, while highly expressed by a number of neuronal cell 

types in reward centers, appears to be important for modulating the activity of the β2-

containing nAChRs involved in nicotine addiction, but does not appear to facilitate the 

reinforcing properties of nicotine [173]. In fact, stimulation of α7 nAChRs in the nucleus 

accumbens with selective agonists in models of smoking cessation has been shown to reduce 

nicotine consumption whereas inhibition using an antagonist has the opposite effect [174]. 
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Interestingly, the smoking cessation drug varenicline is a full agonist of α7 nAChRs [175, 

176], a property that may mediate some of the observed therapeutic effects of this drug. 

Lastly, α9-containing nAChRs appear to be rare or absent from neurons in the brain [6, 113, 

123, 177] and ligands of α9-containing nAChRs that have been shown to be effective in 

neuropathic pain and chemotherapeutic-induced neuropathies have not shown agonist 

activity on other nAChRs subtypes including those involved in nicotine addiction.

Concluding comments

nAChRs represent promising targets for the development of new non-opioid therapeutics 

that treat neuropathic pain and a variety of inflammatory conditions. While previous 

research efforts have focused on drugs that target CNS α4β2* nAChRs, many α4β2-

targeting drugs have suffered from narrow therapeutic-indices resulting in substantial 

adverse side effects [38, 41]. Furthermore, drugs that target α4β2 nAChRs may have 

reinforcing properties and consequently abuse potential. There are several potential 

advantages for targeting α6β4, α7, or α9-containing subtypes for analgesia and anti-

inflammatory effects. Firstly, drugs that target these receptors are unlikely to have 

reinforcing properties; the α6β4 subtype has not been shown to be expressed in rewards 

pathways, stimulation of α7 nAChRs does not enhance nicotine consumption, and α9 

nAChRs appear to be restricted to the periphery. Secondly, since the target cell populations 

are peripheral, candidate therapeutics would not need to cross the blood-brain barrier, 

avoiding possible interactions with CNS nAChRs. However, the successful development of 

α6β4-, α7-, or α9-targeting therapeutics is not without potential complications. One issue 

that may rise from targeting the α6β4 subtype is its overlapping pharmacological profile 

with the closely related α3-containing nAChRs. Agonists of α6β4 nAChRs would likely 

need to be devoid of activity on α3-containing subtypes to avoid the autonomic side effects 

that have plagued other nAChR-targeting drugs.

Agonists, PAMs, and other ligands that target α7 nAChRs have shown considerable promise 

as therapeutic candidates for a number of inflammatory conditions (Table 2). These 

compounds likely mediate their anti-inflammatory and analgesic effects through the 

modulation of immune cell activity specifically, the inhibition of pro-inflammatory cytokine 

release and the proliferation of pro-inflammatory types of immune cells (Table 3). Similarly, 

it appears likely that modulation of immune cell activity also occurs with ligands that target 

α9-containing nAChRs. In support of a peripheral site of action, conopeptides that 

selectively target α9-containing nAChRs are unlikely to cross the blood-brain barrier. 

Importantly, α9-targeting conopeptides discriminate well between α9 and α7 subtypes. 

Ligands that inhibit α9 and α7 nAChRs may have counteracting effects; stimulation of α7 is 

analgesic and anti-inflammatory whereas inhibition of α9-containing nAChRs is needed. It 

is worth pointing out that in some immune cells (human monocyte cell line U937), nicotinic 

agonists have been shown to inhibit the release of the pro-inflammatory cytokine IL-1β 
while selective antagonists of either α7 or α9-containing nAChRs blocks this effect. Clearly, 

more research is needed to further elucidate the potential roles of α7 and α9-containing 

nAChRs in native systems.
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nAChR nicotinic acetylcholine receptor

α-Ctx α-conotoxin

PAM positive allosteric modulator

DRG dorsal root ganglia

CCI chronic constriction injury

CNS central nervous system

PNS peripheral nervous system

EAE experimental autoimmune encephalomyelitis

TNF-α tumor necrosis factor-α

IL-1β interleukin-1β
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Table 1

Effect of α7 nAChR activation on cell types involved in pain and inflammation

Cell type Agonist Effects of α7 activation Ref.

Rat DRG neurons Nicotine Neuroprotective effects from enhanced NO production [76, 178]

Human monocytes Nicotine Reduced NF-κB, MIP-1α, PGE2 production [82]

GTS-21 Reduced TNF-α production [84]

Nicotine Reduced IL-18 and IL-12 production [179]

Nicotine Reduced TNF-α, IL-1β, and IL-12 production; reduced proliferation of pro-inflammatory 
monocytes; increased secretion of IL-10

[133]

Human macrophages Nicotine Induction of IRAK-M expression [180]

Mouse macrophages A-833834 Reduced TNF-α production [181]

Rodent microglia Nicotine Reduced TNF-α production [85, 86]

Human T lymphocytes Nicotine Modulation of T cell activation state; reduced Th17 response [182]

GTS-21 Reduced Th1 cell differentiation; reduced production of IFN-γ [183]

Mouse T lymphocytes Nicotine Reduced TNF-α, IFN-γ, NF-κB, and IL-17 production; reduced clinical symptoms of 
EAE

[184]

Human NK cells PNU282987 Reduced NF-κB and IFN-γ production [79]
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Table 2

Compounds that target α7 nAChRs, mechanism of action, and therapeutic effects in models of pain and 

inflammation

Compound Mechanism of Action Pain/inflammation model Therapeutic effects Ref.

Choline Agonist Post-operative incisional pain Reduced mechanical allodynia [104]

Formalin test Reduced nociceptive behaviors Reduced [118]

CDP-Choline Agonist CCI mechanical hyperalgesia [102]

Carrageenan-induced inflammatory pain Reduced mechanical hyperalgesia and 
edema

[103]

PHA-54361 Agonist Formalin test Reduced nociceptive behaviors [118]

GTS-21 Partial agonist Post-operative incisional pain Reduced sensitivity to heat stimulus [108]

CIA Reduced clinical symptoms of arthritis [185]

PNU-120596 Type II PAM Formalin test Reduced nociceptive behaviors [115, 118]

CCI Reduced mechanical allodynia and thermal 
hyperalgesia

[116]

Carrageenan-induced inflammatory pain Reduced thermal hyperalgesia and edema [116]

GAT-107 ago-PAM Formalin test Reduced nociceptive behaviors [114]

CCI Reduced mechanical allodynia [114]

LPS Reduced mechanical allodynia [114]

CFA Reduced mechanical allodynia and thermal 
hyperalgesia

[114]

NS6740 Silent agonist Formalin test Reduced nociceptive behaviors and edema [120]

CCI Reduced mechanical allodynia [120]

PMP-072 Silent agonist CIA Reduced clinical symptoms of arthritis [121]
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Table 3

Distribution of α9-containg nAChRs in cell types involved in pain and inflammation

Cell type Ligand Effects of α9-targeting ligands Ref.

Human monocytes (U937 cell line) Choline, nicotine Reduced IL-1β release [135, 136]

Mouse monocytes Nicotine Inhibition of monocyte infiltration into the CNS [139]

Mouse bone marrow-derived cells Nicotine Reduced production of IFN-γ and proliferation of pro-inflammatory 
monocytes

[133]
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Table 4

Compounds that target α9-containing nAChRs, mechanism of action, and therapeutic effects in models of pain 

and inflammation

Compound Mechanism of Action Pain or inflammation model Therapeutic effects Ref.

RgIA antagonist CCI Reduced mechanical allodynia and mechanical 
hyperalgesia, infiltration of immune cells

[145]

Oxaliplatin-induced neuropathy Reduced mechanical hyperalgesia, cold allodynia; 
disease modifying effects

[141]

RgIA4 antagonist Oxaliplatin-induced neuropathy Reduced mechanical hyperalgesia and cold allodynia; 
disease modifying effects

[143]

Vc1.1 antagonist CCI Reduced mechanical allodynia, mechanical 
hyperalgesia, infiltration of immune cells; disease 
modifying effects

[145, 147]

GeXIVA antagonist CCI Reduced mechanical hyperalgesia [161, 186]

ZZ-204G antagonist CCI Reduced mechanical hyperalgesia [167]

Formalin test Reduced inflammatory pain [167]

ZZ1-61c antagonist Vincristine-induced neuropathy Reduced mechanical allodynia and mechanical 
hyperalgesia

[168]
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