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ABSTRACT: The traditional view of nicotinic acetylcholine receptors (nAChRs) is that they strictly exert their functions via
their well-known ion channel activity. With the identification of the cholinergic anti-inflammatory pathway and the critical
involvement of the α7 nAChR, an alternate modality of function has emerged for the receptor involving metabotropic-like
activity. The new emerging pharmacology for the receptor includes ligands termed silent agonists, which exert little or no
ionotropic activity, yet are capable of modulating cellular inflammatory responses.

The nicotinic acetylcholine receptor (nAChR) family is
well-known as archetypical representatives of the Cys-

loop pentameric ligand gated ion channel (LGIC) class of
signaling proteins.1 Each monomer of the pentameric receptor
consists of three domains: a large extracellular domain (ECD)
involved in binding the agonist acetylcholine (ACh, 1; Figure
1) at subunit interfaces, a four-helix transmembrane (TM)
region that contributes one helix per monomer to create the ion
pore, and an intrinsically disordered intracellular domain
(ICD), located between the third and fourth TM helices,
whose functions are variable and largely unknown.2 The
structural biology of the receptor remains a major challenge,
with only one human nAChR (α4β2) structure reported3

(ECD and TM regions) and no structures reported for an
entire pentameric receptor consisting of all three domains. The
receptors are distributed widely in higher eukaryotes including
invertebrates such as insects, mollusks, and worms. More
distantly related bacterial homologues that are pH gated are
also known. The stereotypical view of nAChR function is that it
is associated with fast synaptic transmission, though this is often
not the case as it is found in nonsynaptic locations within the
brain, as well as in non-neuronal cells. The basis for receptor
signaling has been considered to be the permeability of the
receptor to cations (primarily Na+ and K+, but in some cases
also Ca2+) when the receptor is gated open by binding
activating ligands, such as ACh or in some cases choline. The
receptor is found in the brain, peripheral nervous system,
neuromuscular junctions, and, as noted above, in tissues and
cells that are not associated with synaptic transmission. Work
that first emerged nearly two decades ago points to a distinctly
different mode of action and pharmacology for the homomeric
α7 subtype of the nAChR in which it exhibits ligand mediated
metabotropic-like signal transduction behavior, which appears
to be independent of detectable ion-currents, and is involved in
the mediation of anti-inflammatory signaling and neuropathic
pain. In this Viewpoint, we consider aspects of the medicinal
chemistry and pharmacology of this rapidly growing area of
nAChR research, and do so in the light of possible new
therapeutic avenues.
The cholinergic anti-inflammatory pathway4 (CAP) involves

communication between the brain and the immune system via
the vagal nerve. This pathway involves, in part, release of ACh

from the vagal nerve, which is then able to modulate
production of pro-inflammatory cytokines in macrophages.5

While the overall interplay between the nervous and immune
systems is complex, several works have provided compelling
evidence that the α7 nAChR is the mediator of this reduction in
immune response and that there are viable pharmacological
strategies to selectively target α7 with small molecules other
than ACh. In cell culture, macrophages challenged with ACh
and nicotine 2 showed strong dose-dependent reduction of
TNF production. Interestingly, muscarine 3 appeared to show a
weak effect, but it was not blocked by atropine, suggesting that
G-protein coupled muscarinic AChR was not involved. Vagal
nerve stimulation reduces the inflammatory response to
endotoxin in rodents, and in α7 knock out mice, the anti-
inflammatory activity of vagal nerve stimulation was lost. In
2012, Thomsen and Mikkelson showed that, whereas α7
agonists and positive allosteric modulators (PAMs) that
increase α7 ion channel currents failed to reduce TNFα
produced in cultured microglial cells, the very weak partial
agonist NS6740, 4, the antagonist methyllycaconitine, 5, and
partial agonist GTS-21, 6, were able to lower LPS-induced
TNFα.6 This led to the suggestion that ionotropic action was
not required for this effect, but rather, the binding of
nonactivating ligands to the α7 nAChR produced metabo-
tropic-like activity. Additionally, further support for a
metabotropic mode of activity for the α7 nAChR was reported
in 2016 by King et al. in a study that showed a critical region of
the receptor’s intracellular domain was required for G-protein
binding and mediation of release of intracellular calcium stores.
Other works have suggested models for downstream signaling
via the α7 nAChR interacting in JAK/STAT pathways.5,7

Indeed, for a number of different ligand-gated ion channels, the
possible significant duality of function, both ionotropic and
metabotropic, has been an emerging and exciting area of work.8

One challenge in considering this line of inquiry for
therapeutics is to develop agents that are selective for the
metabotropic activity, while not activating ionotropic activity.
For example, it has been shown that the silent agonist NS6740,
demonstrated to be an effective activator of the cholinergic anti-
inflammatory pathway (CAP), is inactive in cognitive tests
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compared to agents with good ionotropic activity. This
supports the hypothesis that the CAP activity is a special and
unique indication that is targetable relative to ionotropic
activity.

■ THE α7 NACHR AND SILENT AGONISTS
The α7 nAChR is remarkable for its low probability to gate into
the open state and its ability to readily enter desensitized,
nonconducting states. Whereas many agonists and partial
agonists are capable of desensitizing the receptor, those that are
extremely weak partial agonists are of particular interest, as
exemplified by NS6740, which is able to produce significant and
remarkably prolonged desensitization.9 One key tool in the
arsenal of characterizing these desensitized states is to utilize
type II positive allosteric modulators such as PNU-120596, 7,
in conjunction with two-electrode voltage clamping electro-
physiological measurements. The type II PAM is capable of
rendering nonconducting state(s) conductive and thus provides
a quantifiable metric for desensitization of the receptor (Figure
2). We have termed compounds like NS6740 that only weakly
activate the receptor but show substantial desensitization (as
evidenced by PAM potentiated currents) as silent agonists. The
“agonism” part of this name refers to the idea of metabotropic
signaling of the α7 nAChR. In other words, silent agonists are
relatively silent in the ionotropic sense but can be agonists in
the metabotropic sense. The temporal- and concentration-
dependent nature of evolving α7 state distributions renders the
complete description of these states a long-term goal, but in the
conjunction of a silent agonist and a PAM, the latter is a tool
that has been used to identify at least two types of
desensitization states: one, able to be rendered conductive
with the PAM, and others, insensitive to the PAM. Indeed, in
the case of NS6740,10 the relevant desensitized state associated
with analgesia of neuropathic pain may be the one insensitive to
the PAM.
The idea that some α7 nAChR ligands are not conventional

agonists or partial agonists, but rather work in a metabotropic
way from a nonconductive (desensitized) state, represents an
alternative pharmacology for the receptor specifically targeting
CAP. Pragmatically, one would like to define the rules for this
new pharmacology and be able to identify compounds that are
completely lacking in ionotropic activity but capable of
metabotropic signaling. Several structural classes of ligand
appear to be capable of facile receptor desensitization in lieu of
receptor activation, and some emergent principles have been
noted. One common feature of all silent agonists noted thus far

is that they either bear a fixed positive charge or are sufficiently
basic at a central nitrogen atom that they may be
predominantly protonated at physiologic pH. The simplest
agonist for any nAChR is tetramethylammonium cation, and it
has been shown that, as the alkyl substituents are made more
bulky, initially selectivity for α7 as a partial agonist is enhanced
over other receptor subtypes, but with sufficient bulk, e.g.,
tetraethylammonium cation (TEA), partial agonism is
extremely weak, but TEA will induce a desensitized state of
the receptor.11 This observation was generalized into a number
of series of alkylammonium ligands, which led to the idea that
steric bulk around the positively charged nitrogen (or sulfur,
see below) will diminish agonism but preserve the ability to
desensitize. While simple ammonium compounds are not drug-

Figure 1. Acetylcholine receptor ligands discussed in this Viewpoint.

Figure 2. Two-electrode voltage clamp electrophysiology illustrating
the behavior of a strong partial agonist 8 (left) versus a silent agonist
10 (right). The top two traces represent response of the α7 nAChR to
applied compound, and the bottom two traces represent the receptor
response when compounds were coapplied with compound 7, PNU-
120596. Note that 10 shows barely detectable ion current, yet is able
to effectively desensitize the receptor.
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like, this work led to the idea of taking N,N-dimethyl N′-phenyl
piperazine (DMPP, 8) and replacing the two methyls with ethyl
groups to produce silent agonists (DEPP, 9). This experiment
was successful and provided further validation of the “steric
bulk” aspect of the silent agonist pharmacophore. The
spirocyclic version of DEPP, 10, was found to have enhanced
desensitization properties relative to DEPP (Figure 2). Work
within this series revealed a profound substituent effect at the
meta and para positions of the phenyl ring, producing a wide
range of α7 activities ranging from partial agonism to silent
agonists with enhanced PNU-120596 sensitive desensitization.
More recently, we synthesized the sulfonium analogue of
diethyl phenyl piperazine in which we replaced the ammonium
nitrogen atom with a sulfonium sulfur, 11, and we found that
the sulfur substitution was effective for enhanced desensitiza-
tion of the receptor and diminished partial agonism, relative to
the nitrogen analogue.12 Another aspect of a silent agonism
pharmacophore is based on the structure of NS6740, which has
a bicyclo [3.2.2] ring system bearing the requisite positive
charge, a central heterocycle, and a terminal meta-trifluor-
omethylbenzene substituent. We considered that the right-hand
portion of this molecule was similar to the known partial
agonist anabaseine, 12, and that if we derivatized the pyridyl
ring with a phenyl ring (KC1, 13)13 we could mimic the overall
spatial and charge features of the much more complex NS6740.
KC1 indeed proved to be a silent agonist, and it is noteworthy
that, whereas the original inspiration, NS6740, had a somewhat
bulky, bicyclic structure surrounding the charged nitrogen, KC1
is planar at nitrogen, suggesting the silent agonism for this
compound does not rely on the aforementioned steric factor for
its ability to promote desensitization and diminish partial
agonism.

■ CONCLUSION

The α7 nAChR is an important target for noncanonical
metabotropic signaling, but it is also clear that silent agonism
and metabotropic-like pathways is not limited to the α7
subtype. It has been reported14 that phosphocholine is capable
of modulating interleukin 1β levels in cultured monocytes in an
α9- and α10-dependent fashion; phosphocholine is not a partial
agonist of the human α9 receptor when heterologously
expressed in Xenopus oocytes. It may be a general trend that
nicotinic receptors, with their highly variable intracellular
domains,2 have evolved to include a metabotropic function in
addition to the canonical ion channel function they are well-
known for. The further elucidation of what constitutes the
pharmacophore(s) for silent agonists will enable the design of
new compounds that are able to selectively target inflammatory
responses derived from the receptor’s metabotropic-like
function, while minimizing ionotropic activity.
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