

[image: image1]
The α5 Nicotinic Acetylcholine Receptor Subunit Differentially Modulates α4β2* and α3β4* Receptors












	
	REVIEW
published: 03 December 2020
doi: 10.3389/fnsyn.2020.607959






[image: image2]

The α5 Nicotinic Acetylcholine Receptor Subunit Differentially Modulates α4β2* and α3β4* Receptors

Petra Scholze and Sigismund Huck*

Department of Pathobiology of the Nervous System, Center for Brain Research, Medical University of Vienna, Vienna, Austria

Edited by:
Francisco J. Barrantes, Instituto de Investigaciones Biomédicas (BIOMED UCA-CONICET), Argentina

Reviewed by:
Michael David Scofield, Medical University of South Carolina, United States
 Anna M. Lee, University of Minnesota Twin Cities, United States

*Correspondence: Sigismund Huck, sigismund.huck@meduniwien.ac.at

Received: 18 September 2020
 Accepted: 11 November 2020
 Published: 03 December 2020

Citation: Scholze P and Huck S (2020) The α5 Nicotinic Acetylcholine Receptor Subunit Differentially Modulates α4β2* and α3β4* Receptors. Front. Synaptic Neurosci. 12:607959. doi: 10.3389/fnsyn.2020.607959



Nicotine, the principal reinforcing compound in tobacco, acts in the brain by activating neuronal nicotinic acetylcholine receptors (nAChRs). This review summarizes our current knowledge regarding how the α5 accessory nAChR subunit, encoded by the CHRNA5 gene, differentially modulates α4β2* and α3β4* receptors at the cellular level. Genome-wide association studies have linked a gene cluster in chromosomal region 15q25 to increased susceptibility to nicotine addiction, lung cancer, chronic obstructive pulmonary disease, and peripheral arterial disease. Interestingly, this gene cluster contains a non-synonymous single-nucleotide polymorphism (SNP) in the human CHRNA5 gene, causing an aspartic acid (D) to asparagine (N) substitution at amino acid position 398 in the α5 nAChR subunit. Although other SNPs have been associated with tobacco smoking behavior, efforts have focused predominantly on the D398 and N398 variants in the α5 subunit. In recent years, significant progress has been made toward understanding the role that the α5 nAChR subunit—and the role of the D398 and N398 variants—plays on nAChR function at the cellular level. These insights stem primarily from a wide range of experimental models, including receptors expressed heterologously in Xenopus oocytes, various cell lines, and neurons derived from human induced pluripotent stem cells (iPSCs), as well as endogenous receptors in genetically engineered mice and—more recently—rats. Despite providing a wealth of available data, however, these studies have yielded conflicting results, and our understanding of the modulatory role that the α5 subunit plays remains incomplete. Here, we review these reports and the various techniques used for expression and analysis in order to examine how the α5 subunit modulates key functions in α4β2* and α3β4* receptors, including receptor trafficking, sensitivity, efficacy, and desensitization. In addition, we highlight the strikingly different role that the α5 subunit plays in Ca2+ signaling between α4β2* and α3β4* receptors, and we discuss whether the N398 α5 subunit variant can partially replace the D398 variant.
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INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) are homo- and hetero-pentamers that can be distinguished by their sensitivity to α-bungarotoxin. Receptors containing an α4β2*1 or α3β4* backbone are insensitive to α-bungarotoxin and often referred to as central nervous system (CNS) and peripheral nervous system (PNS) nAChRs, respectively (Millar and Gotti, 2009). Despite this relatively loose distinction, α3β4* receptors have also been found in distinct brain regions such as the medial habenula (MHb) and interpeduncular nucleus (IPN), where they play a central role in nicotine addiction. Moreover, so-called “neuronal” nAChRs are also expressed in non-neuronal cells, where they play both physiological and pathological roles (reviewed by Zoli et al., 2018).

In the PNS, nAChRs mediate synaptic transmission in sympathetic and parasympathetic ganglia. In contrast, nAChRs in the CNS primarily modulate and/or trigger the release of a wide variety of neurotransmitters from presynaptic sites, and the functional impact of this modulation depends on the transmitter system involved (e.g., glutamate, GABA, or catecholamines) and the role these transmitter systems play in brain circuitry.

As ionotropic receptors, nAChRs are ligand-gated cation channels activated by the neurotransmitter acetylcholine (ACh) binding to canonical (orthosteric) binding sites at the N-terminal interface of two subunits with a primary and complementary component (Zoli et al., 2018). The α subunit contains the primary ligand-binding site, and the β subunit contains the complementary site. To maximally activate heteromeric nAChRs, ACh must bind to two binding sites in receptors; in contrast, homomeric α7 receptors require binding to a single site for maximal activation (reviewed by Zoli et al., 2018).

The α3, α4, β2, and β4 subunits can co-assemble to produce a fairly wide range of functional receptor subtypes with various stoichiometries. In the CNS, both high-affinity (α4β2)2β2 and low-affinity (α4β2)2α4 receptors have been reported (Grady et al., 2010; Marks et al., 2010; Harpsoe et al., 2011). Peripheral-type (α3β4)2β4 and (α3β4)2α3 receptors have been expressed in Xenopus oocytes (Grishin et al., 2010; Krashia et al., 2010; George et al., 2012) and HEK293 cells (Krashia et al., 2010); however, the stoichiometry of α3β4* receptors in the CNS and/or PNS is currently unknown. The fifth subunit—e.g., α4 and β2 in (α4β2)2α4 and (α4β2)2β2 receptors, and α3 and β4 in (α3β4)2α3 and (α3β4)2β4 receptors, respectively—may contribute to allosteric binding sites. Receptor complexity is increased further by additional subunits such as the α2, α5, α6, and β3 subunits, which can co-assemble into the two principal types of PNS and/or CNS receptors.

Because both the α5 and β3 subunits lack a primary or complementary component (Le Novere et al., 2002), they cannot contribute to the orthosteric binding site and are therefore often referred to as “accessory” subunits; nevertheless, these subunits contribute to the channel's lining, as well as potential allosteric binding sites and distinct properties conferred by the large cytoplasmic loop between the third and fourth transmembrane domains (i.e., the M3–M4 loop).

Below, we discuss the role of the cytoplasmic loop in the α5 subunit on the receptor's assembly, trafficking, and targeting to the plasma membrane. However, the cytoplasmic loop may also affect other receptor properties beyond its effects on membrane trafficking. For example, Kabbani and colleagues found that the β2 subunit can form a complex with at least 21 different cellular proteins identified using MALDI-TOF-TOF MS/MS analysis (Kabbani et al., 2007).

In addition to their ionotropic properties, nAChRs also mediate G protein signaling via the cytoplasmic loop, as reviewed extensively by Kabbani et al. (2013). The majority of research in this respect has focused on α7-containing nAChRs and found that α7 receptors can act via ionotropic signaling, as well as Gαq-mediated metabotropic signaling via a G protein–binding cluster in the subunit's M3–M4 loop (King et al., 2015). Interestingly, the α3, α5, and β2 subunits have also be been found to bind Goα and Gβγ proteins (Fischer et al., 2005a).

Several putative CaMKII and PKA sites, as well as novel nicotine-induced phosphorylation sites, have been identified in the cytoplasmic loop of α4/β2* nAChRs (Miller et al., 2018). Non-ionic signaling events triggered by nAChR-coupled protein kinases appear to play a particularly prominent role in non-excitable cells, in which receptor activation has been linked to cancer (for review, see Grando, 2014). Although the functional role of α5 phosphorylation has yet to be fully explored, studies involving small molecule kinase inhibitors suggest that kinases do play a functional role related to the α5 subunit (Ray et al., 2017).

The general structure, properties, and function of nAChRs have been covered thoroughly by a large number of reviews (e.g., McGehee and Role, 1995; Le Novere et al., 2002; Gotti et al., 2006; Stokes et al., 2015; Bertrand and Terry, 2018; Zoli et al., 2018). Here, we focus on the α5 accessory subunit, given that human genome-wide association studies have shown that polymorphisms in the gene cluster in chromosomal region 15q25, which includes genes that encode the α5, α3, and β4 nAChR subunits, are linked to susceptibility to nicotine addiction and certain forms of cancer. For example, in the human CHRNA5 gene, which encodes the α5 nAChR subunit, the single-nucleotide polymorphism (SNP) rs16969968 replaces an aspartic acid with an asparagine in the resulting protein and has been strongly correlated with excessive and compulsive nicotine abuse and lung cancer (see below). On the other hand, the SNP rs16969968 may confer a protective effect against cocaine dependence (Grucza et al., 2008; Forget et al., in press), possibly due to the more general role that the α5 subunit plays in α3β4* and α4β2* receptors, determining whether the function of these receptors is increased or reduced by the presence of an α5 subunit. We will therefore address the role that the α5 subunit plays in α4β2* and α3β4* receptors with respect to their expression, targeting, activation, and desensitization, as well as how the α5 subunit modulates receptor's ability to raise intracellular Ca2+.

Considerable insight into the function of the α5 subunit has come from studying recombinant receptors expressed in a wide range of cell types and systems, including Xenopus oocytes, HEK293 cells, and rat pituitary GH4C1 cells. In addition, studies using transgenic knockout (KO) mice—and more recently, rats—lacking the α5 subunit have provided new insights into the role of α5 subunits in endogenous receptors. These studies may explain—at least to some extent—the considerable receptor diversity highlighted in Tables 1, 2. However, because the proper assembly and processing of nAChRs in the endoplasmic reticulum is supported by a variety of chaperone proteins, which may not be present in heterologous expression systems, nAChRs should ideally be analyzed in their endogenous physiological context. To date, the properties of native receptors were investigated primarily in mice, whereas the majority of studies involving human nAChRs used heterologous expression systems. As noted above, heterologous expression systems such as the highly popular HEK293 cell line may lack the necessary chaperone proteins such as NACHO required for the assembly and trafficking of nAChRs (Matta et al., 2017). Moreover, heterologous expression systems generally also lack proteins specific to neurons such as the Lynx1 protein (Miwa et al., 1999), which affect the membrane targeting and function of both α3β4* and α4β2* receptors (see below, Nichols et al., 2014; George et al., 2017). Finally, differences in receptor function were found when expressing fully pentameric nAChR concatemer constructs compared to expressing the α3, β4, and α5 subunits in Xenopus oocytes (George et al., 2012). Still, some properties of α3β4* receptors differ between human and rodent receptors, as shown by expressing these subunits in Xenopus oocytes (Stokes and Papke, 2012). Recently, Maskos reviewed the differences in the properties of receptors containing the N398 α5 subunit variant compared to the more common D398 variant in both α4β2* and α3β4* receptors (Maskos, 2020); we will therefore touch on this subject only briefly. In our review, we focus on the functional effect of the α5 subunit at the cellular level, referring to studies assessing nAChR pathways in nicotine addiction (Leslie et al., 2013; Picciotto and Kenny, 2013; Antolin-Fontes et al., 2015; Pistillo et al., 2015; Molas et al., 2017; Arvin et al., 2019) and variants at the CHRNA5/CHRNA3/CHRNB4 gene locus on chromosome 15q25 (Bierut et al., 2008; Stevens et al., 2008; Thorgeirsson et al., 2008; Improgo et al., 2010; Tuesta et al., 2011; Berrettini and Doyle, 2012; Slimak et al., 2014; Lassi et al., 2016; Forget et al., 2018; Besson et al., 2019; Maskos, 2020).


Table 1. Effects of α5 in α4β2* receptors.
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Table 2. Effects of α5 in α3β4* receptors.
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The vast majority of heteropentameric neuronal nAChRs consist of two α subunit and two β subunits that comprise the backbone, with an additional subunit completing the pentamer (reviewed in Zoli et al., 2018). This additional subunit can be an “accessory” subunit such as α5 or β3, or it can be a “complementary” subunit such as α4 or β2 (primarily in CNS-type receptors), or α3 or β4 (primarily in PNS-type receptors). The two receptor backbones into which the α5 subunit can co-assemble, namely α4β2* (see Table 1) and α3β4* (see Table 2), differ fundamentally with respect to both their activation and desensitization properties and are discussed separately. These differences in receptor properties have consequences with respect to tobacco use, as nicotine concentrations typically reached while smoking tobacco primarily activate—and equally important, inactivate—α4β2* receptors (Benowitz and Jacob, 1990; Wooltorton et al., 2003; Brody et al., 2006). It is therefore interesting to examine how the α5 subunit affects the properties of these two receptor subtypes, and how the D398 and N398 α5 subunit variants differ in this respect. A graphical summary of the effects of α5 is provided in Figure 1.
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FIGURE 1. Graphical summary of the key effects of the α5 subunit on various receptor properties when co-assembled with either α4β2* or α3β4* receptors. Red arrows indicate effects mediated by the presence of α5. Left: addition of the α5 subunit to α4β2* receptors increases ligand efficacy and potency (top), increases Ca2+ permeability and transmitter release (middle), and decreases receptor desensitization (bottom). Right: in contrast, addition of the α5 subunit to α3β4* receptors has no effect on efficacy or potency (top), increases Ca2+ permeability while decreasing intracellular Ca2+ and transmitter release (middle), and has no significant effect on receptor desensitization (bottom). Note: that in cases in which the reported effects of the α5 subunit differed between exogenously expressed receptors and endogenous receptors, we report the results observed for endogenous receptors.




WHAT WE ALREADY KNOW FROM HETEROLOGOUSLY EXPRESSED AND ENDOGENOUS RECEPTORS


The α5 Subunit Co-assembles With α4 and β2 in the Central Nervous System

The presence of the α5 subunit may affect the functional properties of nAChRs in several ways, including: (i) altering the potency and efficacy of ligands; (ii) affecting the receptor's Ca2+ permeability (or altering other mechanisms that increase intracellular Ca2+); (iii) altering the receptor's desensitization properties; (iv) regulating receptor expression, posttranslational processing, and/or trafficking to the cell membrane; and (v) modulating Ca2+-independent downstream signaling. Moreover, the anatomical distribution of α5 affects the functional role of nAChRs in the CNS.


Distribution of α5-Containing Receptors in the Central Nervous System

Our knowledge regarding the distribution of α5-containing receptors is based on in situ hybridization (Wada et al., 1990; Azam et al., 2002; Winzer-Serhan and Leslie, 2005), antibody-based techniques such as immunoprecipitation (Mao et al., 2006; Grady et al., 2009; David et al., 2010) and solid-phase radioimmunoassay (Conroy and Berg, 1995; Wang et al., 1998), expressing reporter genes under the control of the CHRNA5 promoter (Hsu et al., 2013; Morton et al., 2018), and electrophysiology and optical recordings in specific regions of the nervous system (e.g., Morel et al., 2014). Unfortunately, reliable anti-α5 antibodies for use in immunocytochemistry are not currently available.

A recent RNAseq study revealed that 9 out of 16 nAChR subunits genes (among them most notably CHRNA4 and CHRNB2, but also at moderate levels CHRNA5) are already expressed early in human brain development between 7.5 and 12 post-conceptional weeks (Alzu'bi et al., 2020). In adult rodent brain, immunoprecipitation experiments using α5-specific antibodies have shown the presence of α5-containing receptors—but not an association between α5 subunits and α4 and/or β2 subunits—in certain regions in the rodent brain, including the MHb, IPN, hippocampus, striatum, thalamus, prefrontal cortex (PFC), substantia nigra, ventral tegmental area (VTA), brainstem, and spinal cord (Brown et al., 2007; Counotte et al., 2012; Xanthos et al., 2015; Forget et al., 2018). In addition, measuring α5 subunits in mice lacking specific nAChR subunits (e.g., α4 or β2) has provided evidence that α5 associates with the α4 and β2 subunits (Champtiaux et al., 2003; Grady et al., 2009; Scholze et al., 2012; Beiranvand et al., 2014; Xanthos et al., 2015). The direct association between α5 and the α4β2* backbone was demonstrated using a combination of immunopurification and immunoprecipitation of [3H]-epibatidine–labeled receptors with subunit-specific antibodies. Studies in the rat CNS indicate that (α4β2)2α5 receptors are expressed robustly in several regions, including the hippocampus, striatum, cerebral cortex, thalamus, and superior colliculus (Zoli et al., 2002; Mao et al., 2008; Grady et al., 2009). Similar experiments in mice revealed that these receptors are expressed in the striatum (Champtiaux et al., 2003), superior colliculus, and lateral geniculate nucleus (Gotti et al., 2005). Finally, sequential immunoprecipitation experiments revealed the expression of (α4β2)2α5 receptors in the chick brain (Conroy and Berg, 1998) and human neocortex (Gerzanich et al., 1998).

Two brain regions in which α5-containing receptors are expressed have been shown to play a key role in the reinforcing effects of nicotine; these regions are the MHb-IPN system, which accounts primarily for withdrawal mechanisms, and the VTA, which principal role consists in mediating reward (Tuesta et al., 2011; Leslie et al., 2013; Picciotto and Kenny, 2013; Antolin-Fontes et al., 2015; Pistillo et al., 2015; Molas et al., 2017; Arvin et al., 2019). Additional evidence suggests that—irrespective of the α5 subunit—α4β2 and α6β2 receptors in the VTA are necessary and sufficient for systemic nicotine reinforcement (Pons et al., 2008). Finally, Champtiaux and colleagues reported that the α5 subunit preferentially associates with the α4 and β2 subunits in dopaminergic neurons (Champtiaux et al., 2003).

Interestingly, α5-containing receptors in the MHb-IPN system have been linked to tobacco abuse and thus warrant special attention. No other region in the CNS has such a high density of nAChRs, and no region expresses more α5-containing receptors than the IPN. For example, the IPN of adolescent or adult rat contains ~350 fmol of overall receptor protein/mg total protein (Grady et al., 2009; Forget et al., 2018), and even though the reported amount of α5-containing receptors differs between studies, ranging from 23 fmol/mg protein (Forget et al., 2018) to 200 fmol/mg protein (Grady et al., 2009), direct comparisons between various brain regions support the notion that α5-containing receptors are highly enriched in both the rat (Forget et al., 2018) and mouse IPN (Beiranvand et al., 2014; Xanthos et al., 2015). Immunodepletion using an anti-β2 antibody significantly reduced the number of α5-containing receptors in the rat IPN, suggesting that the α5 subunit co-assembles into β2-containing receptors (Grady et al., 2009). In contrast, α5-containing receptors are not reduced in the IPN of β2 KO mice (Grady et al., 2009), although a different study found that α5-containing receptors were significantly reduced in β2 KO mice, but not in β4 KO mice (Beiranvand et al., 2014). Given that the levels of α4—but not α3—subunits are significantly reduced in both β2 KO mice (Grady et al., 2009; Beiranvand et al., 2014) and β2-immunodepleted rats (Grady et al., 2009), we conclude that α5 predominantly, if not exclusively, assembles into α4β2* receptors in the rodent IPN. As summarized below, a strikingly different picture emerges with respect to the MHb, in which the α5 subunit serves as the accessory subunit in α3β4* receptors (Scholze et al., 2012).

Using a transgenic α5GFP mouse, Hsu and colleagues found that α5-containing receptors are robustly expressed in several IPN subnuclei, but not in the MHb; the α5-containing neurons in the IPN were identified as predominantly GABAergic neurons that project to distinct raphe nuclei (Hsu et al., 2013). In a follow-up study by the same group, these findings were confirmed and expanded using Chrna5Cre mice with the Ai6 reporter gene (Morton et al., 2018). Specifically, they performed electrophysiological recordings in acute brain slices and found that the α5 subunit co-assembles with α4 and β2 subunits in these neurons, and currents induced by applying 1 mM ACh were significantly reduced by 10 μM dihydro-β-erythroidine (DhβE), which preferentially inhibits α4β2* receptors at this concentration (Morton et al., 2018).

Functional evidence supporting the presence of α5-containing nAChRs in distinct cell types in the CNS comes from both in vivo and in vitro (e.g., brain slices, transmitter release, etc.) experiments. For example, experiments combining patch-clamp recordings with single-cell PCR found that the nicotine-induced activation of interneurons is mediated by nAChRs composed of α4, α5, and β2 subunits in layers II, III, and V in acute rat brain slices containing the motor neocortex (Porter et al., 1999). Moreover, nAChR agonists induced larger, DhβE-sensitive currents in layer VI pyramidal neurons in slices containing the medial PFC taken from mice expressing the α5 subunit compared to slices obtained from α5 KO mice (Bailey et al., 2009). More recently, Koukouli and colleagues performed two-photon Ca2+ imaging in awake α5 KO mice and found reduced activity of VIP (vasoactive intestinal polypeptide)–expressing GABAergic interneurons, affecting the firing rate in layer II/III pyramidal cells (Koukouli et al., 2017). Finally, the α5 subunit has been shown to play a critical role in midbrain VTA neurons, in which the presence of this subunit significantly increased both the overall number of α4-containing receptors and the magnitude of ACh-induced, DhβE-sensitive currents (Chatterjee et al., 2013).

In summary, the α5 subunit co-assembles with the α4 and β2 subunits in different regions throughout the CNS; the medial habenula also expresses relatively low levels of (α3β4)2α5 nAChRs.



Receptor Affinity and Efficacy

The functional properties of α4β2* receptors, and how these properties are affected by the presence of the α5 accessory subunit, have been studied in detail using heterologous expression systems. For example, seminal work by Ramirez-Latorre and colleagues showed that chick α5 subunits require both the α4 and β2 subunits to form functional receptors when expressed in Xenopus oocytes, and the concentration-response curve of ACh-induced currents in α4β2 receptors was significantly right-shifted, with larger current amplitude, when the α5 subunit was expressed (Ramirez-Latorre et al., 1996). These early observations were confirmed partially by individual constructs or the pairwise expression of human α4β2 concatemers together with α4, β2, or α5 subunits in Xenopus oocytes; specifically (α4β2)2α5 receptors were as sensitive to ACh as (α4β2)2β2 receptors, while the concentration-response curve was significantly right-shifted for (α4β2)2α4 receptors compared to (α4β2)2β2 receptors (Tapia et al., 2007; Jin et al., 2014). More recently, Nichols and colleagues injected Xenopus oocytes with α5, α4, and β2 mRNA at a 10:1:1 ratio (i.e., a 10-fold excess of α5) and found that 100% of the receptors were high-affinity (i.e., α5 subunit-containing), with an ACh EC50 of 0.26 μM); in contrast, oocytes injected with only α4 and β2 (at a 1:1 ratio) had a biphasic concentration-response, with 65% high-affinity receptors (ACh EC50: 0.67 μM) and 35% low-affinity receptors (ACh EC50: 190 μM) (Nichols et al., 2016).

Lately, Prevost and colleagues used pentameric concatemer constructs for expression in Xenopus oocytes (Prevost et al., 2020). Similar to previous reports they observed no difference in ACh potency between human (α4β2)2β2 and (α4β2)2α5 receptors, whereas (α4β2)2α4 receptors showed a biphasic concentration response curve with an overall significantly reduced ACh potency. However, current amplitudes in response to saturating ACh concentrations were significantly reduced for α5 containing concatemers. Sazetidine-A, on the other hand, was a partial agonist for (α4β2)2α4 but a full agonist for (α4β2)2β2 and (α4β2)2α5 receptors, albeit with lower potency for (α4β2)2α5 receptors. Of interest, α5-containing nAChRs were irreversibly blocked by methanethiosulfonate reagents through a covalent reaction with a cysteine present at the second transmembrane segment only in α5 at position 261. By using this approach, the authors showed that reconstitution of nAChRs from loose α5, α4 and β2 subunits was inefficient and highly variable (Prevost et al., 2020).

Importantly, the presence of the α5 subunit also significantly increases the receptor's Ca2+ permeability. With Ca2+ as the only cation available in the superfusion buffer, peak currents recorded in (α4β2)2α5–expressing Xenopus oocytes were even larger than currents measured in oocytes expressing α7 receptors, the nAChR subtype with the highest Ca2+ permeability; (α4β2)2α4 receptors also showed high Ca2+ permeability, whereas (α4β2)2β2 receptors were hardly Ca2+-permeable (Tapia et al., 2007). Using stable nAChR-expressing tsA201 cell lines, Kuryatov and colleagues found that (α4β2)2β2 receptors were most sensitive to nicotine and ACh, followed by (α4β2)2α5, and then (α4β2)2α4, similar to the previously reported overall ranking measured in Xenopus oocytes (Kuryatov et al., 2008). Moreover, immunoisolation experiments revealed that 100% of receptors in the (α4β2)2α5-expressing cell line indeed contained the α5 subunit (Kuryatov et al., 2008).

Any increase in Ca2+ permeability will affect downstream Ca2+-dependent processes such as nAChR-induced transmitter release. Consistent with this notion, ACh-induced, DhβE-sensitive 86Rb efflux was significantly smaller in thalamic synaptosomes prepared from α5 KO mice compared to wild-type (WT) mice2. The finding that [125I]-epibatidine binding was not affected in the α5 KO mice—indicating that the overall number of receptors is unchanged—suggests impaired function in α4β2* receptors that lack the α5 accessory subunit (Brown et al., 2007; Jackson et al., 2010). Although 86Rb efflux measures the overall function of synaptic release, independent of the underlying transmitter system, these results are supported by the finding that α-conotoxin MII (α-CtxMII)–resistant, DhβE-sensitive [3H]-dopamine efflux from mouse striatal synaptosomes was also reduced in the α5 KO mouse (Salminen et al., 2004). These observations were subsequently confirmed by showing that dopamine release (measured using fast-scan cyclic voltammetry) requires the α5 subunit in the dorsal striatum, but not in the nucleus accumbens (Exley et al., 2012). Finally, the high-affinity component of ACh-induced GABA release from synaptic vesicles, which was abolished in several brain regions in α4 and β2 KO mice, was significantly reduced in the PFC—as well as in the hippocampus and striatum, albeit to a lesser extent—upon deletion of the α5 subunit (McClure-Begley et al., 2009).

In both the MHb and IPN, the nicotine concentration-response curves for the release of norepinephrine were right-shifted in α5 KO mice compared to control mice, suggesting that the α5 subunit increases the receptor's ligand sensitivity (Beiranvand et al., 2014). However, nAChR-stimulated norepinephrine release requires action potentials (Sacaan et al., 1995; Scholze et al., 2007) and is blocked by tetrodotoxin (TTX), similar to nicotine-induced norepinephrine release in the hippocampus (Sacaan et al., 1995; Scholze et al., 2007; Beiranvand et al., 2014). Moreover, the Ca2+ required for synaptic vesicle fusion (and hence, transmitter release) in presynaptic terminals may come either via nACh receptors (if they are positioned closely enough to the release site) or via voltage-gated Ca2+ channels (along with the action potentials generated by nAChRs); these two mechanisms have been termed “transmitter release by presynaptic nAChRs receptors” and “transmitter release by preterminal nAChRs receptors,” respectively (Wonnacott, 1997). In addition, norepinephrine release was also abolished in β2 KO mice, suggesting that this release is mediated by α4β2* receptors (Scholze et al., 2007; Beiranvand et al., 2014). Importantly, both the MHb (Lecourtier and Kelly, 2007) and the IPN (Antolin-Fontes et al., 2015) receive noradrenergic input from the locus coeruleus, where most nicotinic subunits, including α5, are expressed (Lena et al., 1999).

Patch-clamp recordings revealed significantly smaller currents in response to 1 mM ACh in brain slices containing the VTA prepared from α5 KO mice compared to WT mice (Chatterjee et al., 2013). Likewise, stimulating nAChRs in VTA brain slices with a saturating concentration of dimethylphenylpiperazinium (DMPP) induced smaller currents in α5 KO mice compared to WT mice, and restoring the α5 subunit in α5 KO mice by lentiviral infection restored the DMPP-induced response in VTA neurons to WT levels (Morel et al., 2014). Consistent with these results, an 8-fold higher dose of intravenous nicotine was required to significantly increase the in vivo firing rate of dopaminergic VTA neurons in α5 KO mice compared to WT mice, and the sensitivity to intravenous nicotine was restored by expressing the α5 subunit in α5 KO VTA dopaminergic neurons (Morel et al., 2014). These observations in mice were later supported in a follow-up study using α5 KO rats, in which currents induced with 100 μM DMPP were significantly smaller in VTA brain slices prepared from KO rats compared to WT rats (Forget et al., 2018). Similarly, a 3-fold higher intravenous dose of nicotine was needed to increase the firing frequency of VTA neurons in KO rats compared to WT rats. Consistent with affecting function but not expression, the overall number of nAChRs in nine specific brain regions (measured using immunoprecipitation) was similar between WT and KO animals (Forget et al., 2018). Finally, currents elicited with 30 μM nicotine were significantly smaller in IPN slices prepared from α5 KO rats compared to WT rats (Forget et al., 2018). Taken together, these findings suggest that the α5 accessory subunit increases the receptor's sensitivity and efficacy.

Interestingly, cells recorded in VTA slices prepared from α5 KO mice lacked an additional “large” (40 pA) current component measured in response to 100 μM nicotine, a feature that was present in WT slices (Sciaccaluga et al., 2015). In addition, the authors also found that applying 100 μM nicotine increased intracellular Ca2+ in cultured VTA neurons prepared from WT mice, but not in neurons prepared from α5 KO mice (Sciaccaluga et al., 2015). Overall, these findings suggest that the α5 subunit increases the receptor's efficacy.

On the other hand, Sciaccaluga and colleagues found that expressing the α5 subunit in rat pituitary GH4C1 cells significantly reduced receptor efficacy compared to cells expressing (α4β2)2α4 receptors. Hence, cells expressing (α4β2)2α5 receptors had smaller currents and less increase in intracellular Ca2+ in response to 100 μM nicotine (Sciaccaluga et al., 2015). This finding is consistent with reduced receptor efficacy (measured using voltage-clamp recordings) in Xenopus oocytes expressing (α4β2)2α5 receptors compared to (α4β2)2α4 receptors (Jin et al., 2014). Nevertheless, given the increased Ca2+ permeability of (α4β2)2α5 receptors (Tapia et al., 2007), one would have expected increased Ca2+ signals in GH4C1 cells expressing these receptors.

The α5 subunit is also expressed in VIP interneurons in layer II/III, which inhibit both somatostatin and parvalbumin interneurons in the PFC. Given that both somatostatin and parvalbumin GABAergic neurons reduce the firing rate of layer II/III pyramidal neurons, reduced activity of VIP interneurons would be expected to reduce the firing frequency of pyramidal neurons. Consistent with this hypothesis, Koukouli and colleagues performed in vivo two-photon Ca2+ imaging in awake mice and found that pyramidal cells in α5 KO mice fire at a reduced frequency, and targeted virus-mediated expression of the α5 subunit in VIP GABAergic neurons restored both the normal firing rate of VIP interneurons and the firing frequency of pyramidal cells (Koukouli et al., 2017). Together with the in vitro data above, these in vivo results suggest that (α4β2)2α5 receptors have a robust response to endogenous ACh compared to receptors lacking the α5 subunit.

The presence of the α5 subunit in α4β2* receptors also appears to have a major effect on neuronal activity in the rostral IPN, as currents elicited in response to 1 μM nicotine or 1 mM ACh are smaller in slices prepared from α5 KO mice compared to WT mice; in contrast, no difference was observed in the ventral MHb (Morton et al., 2018). The reduced response in α5 KO IPN neurons could be due to a reduced number of receptors and/or reduced efficacy; based on previously published [3H]-epibatidine radioligand binding experiments in WT and α5 KO mice, the authors concluded that reduced efficacy of receptors lacking the α5 subunit is the more likely explanation (Morton et al., 2018). Thus, the reduced DhβE-sensitive ACh-induced currents in layer VI pyramidal neurons in α5 KO mice are likely also due to reduced efficacy, rather than reduced receptor expression or membrane trafficking (Bailey et al., 2009). Finally, Bailey and colleagues found that ACh is not only less efficacious but also less potent in eliciting currents in layer VI pyramidal neurons in α5 KO mice compared to WT mice (Bailey et al., 2009).

In summary (α4β2)2α5 and (α4β2)2β2 receptors have similar sensitivity, and both receptor subtypes are significantly more sensitive than (α4β2)2α4 receptors, which are also found in the CNS. Moreover, agonists are more efficacious at activating (α4β2)2α5 receptors compared to α4β2* receptors lacking the α5 subunit, while (α4β2)2α5 receptors have higher Ca2+ permeability compared to both (α4β2)2β2 and (α4β2)2α4 receptors. Taken together, these properties explain the fact that (α4β2)2α5 receptors are highly efficacious at mediating transmitter release in the CNS.



Desensitization Properties

Unlike acute receptor desensitization, seen as the decay of current during ligand application, “prolonged” desensitization may actually be more physiologically relevant. Receptors enter and maintain a state of prolonged desensitization when exposed to ligands such as nicotine (at concentrations measured in smokers) for an extended period of time (Quick and Lester, 2002; Wooltorton et al., 2003).

The effect of the α5 subunit on prolonged desensitization in nAChRs has been studied in both heterologously expressed and endogenous receptors, with partially conflicting results. When expressed in tsA201 cells, for example, long-term (e.g., 6 h) desensitization was similar between cells expressing (α4β2)2α5 and cells expressing a combination of (α4β2)2α4 and (α4β2)2β2 receptors (Kuryatov et al., 2008). In contrast, several reports found that the α5 subunit reduces desensitization when assembled in α4β2* receptors. For example (α4β2)2β2 receptors mediating GABA release in cortical synaptosomes isolated from α5 KO mice had significantly more nicotine-induced desensitization compared to the (α4β2)2α5 receptors present in WT synaptosomes (Grady et al., 2012). Similarly, the IC50 values of 11 agonists for desensitizing α-CtxMII-resistant (i.e., non-α6*) receptors that mediate [3H]-dopamine release were significantly lower in α5 KO striatal synaptosomes compared to WT (Wageman et al., 2014).

By measuring currents induced by applying 1 mM ACh to layer VI pyramidal cells in the medial PFC, Bailey and colleagues found that neurons in α5 KO mice had ~2-fold more desensitization following a 10-min pretreatment with 100 or 300 nM nicotine compared to WT neurons (Bailey et al., 2010). In extending this observation by optogenetic stimulation of cholinergic fibers, Venkatesan and Lambe recently reported that in α5 WT mice, the optogenetic cholinergic response of layer VI pyramidal cells is unchanged by application of 100 nM nicotine, whereas the optogenetic response is rapidly attenuated in α5 KO mice (Venkatesan and Lambe, 2020). Interesting, 300 nM nicotine cause complete desensitization of receptors in layer II/III and layer VI interneurons measured using patch-clamp recordings in PFC slice preparations; in contrast, the cholinergic responses in layer V interneurons and layer VI pyramidal cells had less desensitization, possibly due to the expression of the α5 subunit in these neurons (Poorthuis et al., 2013). Finally, Chatterjee and colleagues found significantly more nicotine-induced desensitization in VTA neurons in slices prepared from α5 KO compared to WT mice (Chatterjee et al., 2013).

In summary, α5 KO neurons are more sensitive to chronic agonist-induced desensitization compared to WT neurons.



Receptor Expression and Membrane Trafficking

Using tsA201 cell lines expressing either α4β2* or (α4β2)2α5 receptors, Kuryatov and colleagues found that cells expressing (α4β2)2α5 receptors had 40% more epibatidine binding sites compared to cells expressing α4β2* receptors [i.e., (α4β2)2α4 and (α4β2)2β2 receptors], suggesting that the presence of the α5 subunit increases overall receptor expression; in contrast, plasmic membrane targeting [which in cells expressing (α4β2)2α5 receptors represents ~20% of the total [3H]-epibatidine–binding pool] was significantly reduced compared to cells expressing α4β2* receptors (Kuryatov et al., 2008). The α5 subunit has been shown to play a role in the expression of α4-containing receptors midbrain VTA neurons, increasing the overall expression and trafficking of α4β2* receptors (Chatterjee et al., 2013). In contrast, [125I]-epibatidine binding measured at a high enough concentration to bind both high-affinity and low-affinity receptors was similar between WT and α5 KO mice in all brain regions investigated (Salas et al., 2003). A subsequent study by Baddick and Marks using semi-quantitative visual analysis in WT and additional mouse KO models confirmed these results (Baddick and Marks, 2011). As discussed above, Brown and colleagues found that deleting the α5 subunit in α5 KO mice significantly reduced DhβE-sensitive 86Rb efflux in thalamic synaptosomes without affecting [125I]-epibatidine binding, suggesting reduced receptor efficacy, rather than reduced expression of presynaptic receptors (Brown et al., 2007). Interestingly, Nichols and colleagues found that introducing the V287L mutation in the β2 subunit (a mutation linked to autosomal dominant nocturnal frontal lobe epilepsy) reduced the total surface expression of α4β2* receptors expressed in HEK293 cells but caused a 4-fold increase in (α4β2)2α5 receptors at the plasma membrane (Nichols et al., 2016).

In summary, in both mice and rats, loss of α5 does not affect the overall expression of α4β2* receptors measured using either [125I]-epibatidine or [3H]-epibatidine binding.



Do the Functional Properties Differ Between (α4β2)2α5N398 and (α4β2)2α5D398 Receptors?

Kuryatov and colleagues compared the properties of (α4β2)α5 receptors containing either the α5 N398 or D398 variant expressed in Xenopus oocytes (Kuryatov et al., 2011). In the α5 subunit, amino acid 398 resides in the large cytoplasmic domain adjacent to the conserved amphipathic α-helix that immediately precedes the fourth transmembrane domain (Figure 2). The authors speculated that in this region, the negatively charged aspartic acid at position 398 in the D398 variant might increase Ca2+ permeability, whereas the amide group in the asparagine in the rare N398 variant might reduce Ca2+ permeability. Indeed, they found that the N398 α5 variant has significantly lower Ca2+ permeability—but similar sensitivity—compared to the D398 variant (Kuryatov et al., 2011). The authors observed no difference in ACh potency between receptors incorporating either the N398 or the D398 α5 variant. However, desensitization in the presence of 3 μM ACh was significantly larger for (α4β2)2α5N398 than for (α4β2)2α5D398 receptors, suggesting that the already narrow concentration range for activatable α4β2* receptors relevant at smoking may be further reduced by the N398 variant (“smoldering activation range,” Kuryatov et al., 2011).


[image: Figure 2]
FIGURE 2. Model of the 3D structure of the (α3β4)2α5 nAChR. Transmembrane and intracellular domains of α3, α5, and β4 subunits are shown in orange, red, and green, respectively. The S435 residue in β4 and the D397 residue in α5 are located at the tip of the intracellular vestibule. Note the close apposition between S435 in the β4 subunit and D397 (corresponding to amino acid 398 in the human ortholog) in the α5 subunit. Changing the serine at position 435 in the β4 subunit to the arginine present in the corresponding residue in β2 abolished the β4-specific trafficking of the receptor to the plasma membrane. EC, extracellular space; IC, intracellular space. Reproduced with permission from Frahm et al. (2011).


In contrast to the tetrameric β2-α4-β2-α4 concatemers with added either N398 or D398 α5, Prevost and colleagues used full pentameric concatemers for expression in Xenopus oocytes. Still, no difference was observed in ACh potency, efficacy or acute desensitization when comparing (α4β2)2α5D398 with (α4β2)2α5N398 receptors (Prevost et al., 2020). The reduced Ca2+ permeability mentioned above explain the smaller Ca2+ signal measured using the Ca2+-sensing photoprotein aequorin in HEK293T cells transfected with mouse α4, β2, and α5N397 subunits3, compared to cells transfected with α4, β2, and α5D397 subunits (Bierut et al., 2008).

Using qPCR analysis, Oni and colleagues found that CHRNA3, CHRNA4, CHRNA5, CHRNB2, and CHRNB4 mRNA levels (encoding the α3, α4, α5, β2, and β4 nAChR subunits, respectively), were similar in human iPSCs differentiated to primarily dopaminergic neurons, irrespective of whether the CHRNA5 gene carried the D398 or N398 allele (Oni et al., 2016). Compared to D398-expressing neurons, N398-expressing neurons exhibited greater postsynaptic activity, indicated by the increased frequency and the amplitudes of the spontaneous postsynaptic currents. When the authors differentiated the iPSCs into glutamatergic cells, they found that 0.1 μM nicotine significantly increased the frequency of spontaneous excitatory postsynaptic currents (EPSCs) in neurons carrying the N398 variant, but had no effect in neurons carrying the D398 variant. Higher concentrations of nicotine increased the frequency of EPSCs in neurons carrying the D398 variant, but had no effect in neurons carrying the N398 variant, which could be explained by receptor desensitization at these concentrations. Given the response to sub-micromolar concentrations of nicotine, these differences are likely due to the presence of high-affinity (α4β2)2α5 receptors containing either the D398 or N398 α5 variant. Based on gene expression profiling using RNA-seq analysis, the authors speculated that genes specific for the ligand-receptor interaction, Ca2+ signaling, and axon guidance are enriched in neurons carrying the N398 α5 variant, thus accounting for the observed differences (Oni et al., 2016). Interestingly, however, the differences observed between neurons carrying the N398 variant and neurons carrying the D398 variant were independent of preceding nAChR activation.

More recently, O'Neill and colleagues found that exposing pregnant mice to nicotine significantly affected the offspring's consumption of nicotine. Nicotine in the drinking water of dames reduced the nicotine consumption of offsprings carrying the α5(D397) gene, whereas consumption was enhanced in offsprings carrying the α5(N397) gene. By examining the underlying cellular and molecular mechanisms, the authors observed that exposure to nicotine during development differentially affected both the function of α4β2* nAChRs in the striatum and the expression of α3β4* nAChRs in the habenula of offsprings (O'Neill et al., 2018).

In VTA slice preparations, application of 100 μM nicotine revealed two distinct neuronal populations; one population responded with a relatively large current of ~40 pA, and the other population responded with a much smaller current (~8 pA). Interestingly, the 40-pA cell population was significantly reduced in mice carrying the N397 α5 variant and missing entirely in α5 KO mice (Sciaccaluga et al., 2015). Furthermore, the number of cultured ventral midbrain cells that responded to 100 μM nicotine, as well as the extent of the increase in intracellular Ca2+, was significantly reduced in neurons carrying the N397 variant compared to neurons carrying the D397 variant. Since nicotine application failed to induce an increase in intracellular Ca2+ in cultures prepared from α5 KO mice, these observations indicate that the N397 variant can partially substitute for the more common D397 variant in (α4β2)2α5 receptors (Sciaccaluga et al., 2015). This notion is supported by experiments with transiently transfected rat pituitary GH4C1 cells, which suggests that the N397 variant can indeed replace the D397 variant; compared to cells expressing (α4β2)2β2 receptors, both the current and the number of cells with an increase in intracellular Ca2+ in response to 100 μM nicotine were reduced to similar levels in cells expressing either (α4β2)2α5N397 or (α4β2)2α5D397 nAChRs (Sciaccaluga et al., 2015).

As discussed above, the firing rates of VIP interneurons and pyramidal cells in layer II/III of the PFC are regulated by α5-containing receptors, likely containing the α4β2* backbone. In α5 KO mice, the reduced firing frequency in these neurons is fully restored by expressing the D397 α5 variant, but is only partially restored by expressing the N397 variant, suggesting that the N397 variant can functionally replace—at least partially—the D397 α5 variant (Koukouli et al., 2017).

In separate experiments, Morel and colleagues used targeted lentiviral infection to express the N397 or D397 α5 variant in α5 KO mice and found that both variants restored DMPP-induced currents in VTA brain slices to the same extent. However, they found that increasing the firing rate of in vivo recorded VTA dopaminergic neurons required a 2-fold higher dose of intravenous nicotine in α5 KO mice virally transfected with the N397 α5 variant compared to α5 KO mice transfected with the D397 variant. Together with the previous observation that an 8-fold higher dose of nicotine was required to achieve the same effect in uninfected α5 KO mice, these results indicate that the N397 variant is less potent than the D397 variant at driving nicotine dependence (Morel et al., 2014).

Recently, these findings in mice were confirmed in rats genetically engineered to express the N397 α5 variant on an α5 KO background (Forget et al., 2018). Stimulating nAChRs in VTA brain slices with a saturating concentration of DMPP concentration induced currents that were similar between WT and α5N397 rats (Forget et al., 2018). Similarly, and unlike the α5 KO rat, WT and α5N397 rats required the same dose of intravenous nicotine in order to increase the firing frequency of VTA neurons. These observations suggest that nAChRs expressed in VTA neurons have similar sensitivity and efficacy regardless of whether they contain the D397 or N397 α5 variant. However, compared to WT rats, the current amplitude measured in IPN neurons stimulated with 30 μM nicotine was significantly reduced in both α5 KO rats and in α5N397 rats. Finally, the authors found that α5N397 rats self-administered more nicotine at higher doses and exhibited higher levels of nicotine-induced reinstatement of nicotine-seeking behavior compared to WT rats, confirming that the IPN plays a critical role in this behavior (Forget et al., 2018).

In summary (α4β2)2α5N397 receptors are less sensitive to agonists compared to (α4β2)2α5D397 receptors. Moreover (α4β2)2α5N398 receptors have less Ca2+ permeability compared to (α4β2)2α5D398 receptors.





THE α5 SUBUNIT CO-ASSEMBLES WITH α3 AND β4 IN THE CENTRAL AND PERIPHERAL NERVOUS SYSTEMS


Regional Distribution

Receptors containing α3 and β4 nAChR subunits are predominately expressed in the autonomic nervous system, and the α5 subunits co-assembles with these two subunits to a significant extent (Conroy and Berg, 1995; Mao et al., 2006; David et al., 2010). Moreover, the α3 and β4 subunits are present in several regions in the rodent brain, particularly the MHb and IPN (Sheffield et al., 2000; Grady et al., 2009; Scholze et al., 2012; Beiranvand et al., 2014). In the MHb, α5, although expressed at relatively low levels, co-assembles primarily with α3β4* receptors, as deleting the β4 subunit eliminates all of the [3H]-epibatidine-labeled receptors pulled down using an anti-α5 antibody (Scholze et al., 2012). In contrast, mice lacking the β2 subunit have normal levels of α5-containing receptors (Grady et al., 2009; Scholze et al., 2012). Despite this finding, some receptors in the MHb may contain the β2 subunit, as pre-clearing this subunit using an anti-β2 antibody also removes α5-containing receptors in both mice (Scholze et al., 2012) and rats (Grady et al., 2009). Nevertheless, a previous report based on nAChR agonist and antagonist profiling suggested that nAChRs in the rat MHb consist primarily of α3β4* receptors (Quick et al., 1999). Specifically, they found that cytisine was the most efficacious agonist, and the α3β4-specific antagonist α-conotoxin AuIB inhibited ~75% of nicotine-induced currents. Given that the α3β2-specific antagonist α-CtxMII also inhibited currents to a certain extent, the authors proposed that the β2 subunit may contribute to these receptors (Quick et al., 1999), consistent with the above-mentioned immunoprecipitation studies (Grady et al., 2009; Scholze et al., 2012). On the other hand, α5-containing receptors were not detected in the MHb of transgenic α5GFP mice (Hsu et al., 2013), and along with its relatively low expression in the MHb (Morton et al., 2018), Chrna5 mRNA could not be detected in this brain region using in situ hybridization (Wada et al., 1990).

Although the notion that α3β4* receptors are expressed predominantly in the MHb is undisputed, the effect of the α5 accessory subunit on receptor function in the MHb has been a matter of debate (Morton et al., 2018). Transgenic mice overexpressing Chrnb4 exhibit a strong aversion to nicotine, which can be reversed by expressing the N397 α5 variant in the MHb (Frahm et al., 2011). On the other hand, the aversive effects of high nicotine doses on the brain's reward systems are abolished in mice with a targeted loss of α5 subunits, and this effect was reversed by restoring α5 expression in the MHb (Fowler et al., 2011). The converse experiment—knocking down α5 expression using a lentivirus-mediated shRNA injected into the MHb of rats—support the findings in α5 KO mice (Fowler et al., 2011). The authors also found that Fos immunoreactivity (a marker for neuronal activity) was significantly increased in the IPN following an aversively high dose of nicotine in WT mice, but not in α5 KO mice, leading to the conclusion that the α5 subunit has a facilitating effect on receptor function. This effect may be indirect, as nicotine increased the intrinsic excitability of MHb neurons in brain slices, and this increase was mimicked by the application of the neurokinin 1 receptor ligand substance P and the neurokinin 3 receptor agonist neurokinin B, but was prevented by preincubation with the neurokinin 1 receptor antagonist L-732138 and the neurokinin 3 receptor antagonist SB222200, and was absent in α5 KO mice (Dao et al., 2014). Moreover, 86Rb efflux induced with 30 μM ACh was significantly reduced in synaptosomes isolated from several brain regions in α5 KO mice, including the habenula and IPN (Fowler et al., 2011). Interestingly, injections of Lenti-Chrna5 into the MHb attenuated the deficits in 86Rb efflux in the IPN, but not in the MHb, of knockout mice.

The IPN receives major cholinergic input from MHb afferents, which release glutamate and ACh (Ren et al., 2011), and studies have shown that the release of ACh from either intact IPN tissue or IPN synaptosomes in response to nAChR activation requires β4-containing receptors (Grady et al., 2009; Beiranvand et al., 2014), suggesting receptors consisting of the α3β4* backbone. The finding that ACh release was also reduced in β3 KO mice suggests that β3β4* receptors also contribute to this release (Grady et al., 2009). On the other hand, the agonist-induced release of ACh is not facilitated by α4, α5, or β2 subunits (Grady et al., 2009; Beiranvand et al., 2014). With respect to norepinephrine release from the IPN and MHb, however, the concentration-response curves depended on β2-containing receptors; moreover, the curves were right-shifted in α5 KO mice, and norepinephrine release was abolished in the presence of TTX (Beiranvand et al., 2014).

In the autonomic nervous system, α3β4* receptors form the predominant receptor backbone, unlike in the CNS. In both mouse and rat ganglia, ~25% of these receptors contain the α5 subunit (Mandelzys et al., 1994; Mao et al., 2006; Putz et al., 2008; David et al., 2010). Given the finite number of possibly nAChR subunit combinations, and given the availability of various mouse—and more recently, rat—KO models, the ganglia in the autonomic nervous system are an ideal system for studying the composition and function of specific endogenous nAChRs.

In summary, the α5 subunit co-assembles with the α3 and β4 subunits throughout the autonomic nervous system. However, nAChRs in the medial habenula contain (α3β4)2α5 receptors at low levels.



Receptor Affinity and Efficacy

Like α4β2* receptors discussed above, the properties of α3β4* receptors, and how these properties are affected by the presence of the α5 subunit, have been studied in heterologous expression systems. For example, Wang and colleagues reported no significant difference in the potency or efficacy of ACh and nicotine between human α3β4* receptors lacking the α5 subunit and (α3β4)2α5 receptors when expressed in Xenopus oocytes (Wang et al., 1996). On the other hand, expressing α5 with α3 and β4 receptors at a 1:1:1 ratio in Xenopus oocytes significantly increased Ca2+ permeability and the rate of receptor desensitization (Gerzanich et al., 1998). These observations were later confirmed by Groot-Kormelink and colleagues, who also observed an increase in apparent receptor desensitization and no difference in ACh potency or efficacy between α3β4* and (α3β4)2α5 receptors expressed in Xenopus oocytes; to maximize the number of (α3β4)2α5 receptors, the α5, α3, and β4 subunits were expressed at a ratio of 20:1:1 (Groot-Kormelink et al., 2001). In a separate study in which Xenopus oocytes expressed mouse α3 and β4 subunits (at a 1:1 ratio), ACh produced a monophasic concentration-response curve when peak current was measured, but a biphasic curve when net charge was measured, suggesting the expression of both high-affinity and low-affinity receptors; the addition of α5 expression (at a 1:1:1 ratio with α3 and β4) had no effect on the ACh EC50 value for peak current, but produced a monophasic ACh concentration-response curve for net charge, consistent with the hypothesis that α5 co-expression shifts receptors toward a single α5-containing form (Papke et al., 2010). In follow-up experiments by the same group, none of the agonists studied, including ACh, nicotine, cytisine, and varenicline, differed in potency between human (α3β4)2β4 and (α3β4)2α5 receptors expressed in Xenopus oocytes by injecting the dimeric α3-β4 concatemer together with either β4 or α5 (Stokes and Papke, 2012).

Similarly, no significant difference was found with respect to the potency of ACh, nicotine, or cytisine among (α3β4)2β4, (α3β4)2α3, and (α3β4)2α5 receptors expressed as pentameric concatemers in Xenopus oocytes, although the nAChR agonists ACh, nicotine, and cytisine had higher efficacy in α5-containing receptors compared to α3- and β4-containing receptors (George et al., 2012). In contrast, when α3 and β4 were injected separately, the addition of α5 at a ratio of 1:1:1 significantly reduced the expression of functional receptors, possibly due to an adverse effect of separate α5 subunits with respect to forming functional nAChRs (George et al., 2012). Interestingly, the potency of mecamylamine decreased by an order of magnitude between (α3β4)2β4 and (α3β4)2α5 receptors, regardless of whether they were expressed as separate subunits or as concatemers (George et al., 2012). These observations are similar to results obtained regarding the effect of hexamethonium on inhibiting transganglionic transmission in the superior cervical ganglion (SCG) of WT mice and α5β2 KO mice (i.e., expressing α3β4* receptors), with IC50 values of 389.2 and 126.7 μM, respectively (Simeone et al., 2019). By taking into consideration the contribution of (α3β4)2β4 receptors in WT mice, the authors calculated an IC50 of 568.6 μM for (α3β4)2α5 receptors (Simeone et al., 2019).

Studies have found no difference in the potency or efficacy of agonists between α3β4* receptors expressed either with or without the α5 subunit in tsA201 cells (Wang et al., 1998; Nelson et al., 2001). The presence of the α5 subunit also had no effect on the decay of currents elicited by 300 μM ACh (Wang et al., 1998). However, immunoprecipitation studies using a cell line expressing (α3β4)2α5 receptors showed that only 14% of all nAChRs contained the α5 subunit (Wang et al., 1998; Nelson et al., 2001), which may be too low to reveal any meaningful effect of the α5 subunit. To overcome this issue, Li and colleagues transiently transfected α3β4-expressing HEK293 cells with a FLAG-tagged α5 subunit, allowing them to selectively study cells that bound to small beads coated with an anti-FLAG antibody (Li et al., 2011). Using this strategy combined with patch-clamp recording, the authors found that the presence of the α5 subunit had no effect on the potency of ACh, nicotine, cytisine, or DMPP (Li et al., 2011). In BOSC-23 cells (a human kidney cell line derived from the 293T cell line), co-expressing the α5 subunit with α3β4 receptors caused a significant right-shift in the ACh concentration-response curve, as well as a reduction in the peak amplitude of the response; in contrast, when α5 was co-expressed with α3 and β4 in Xenopus oocytes, no observable difference was found with respect to ACh potency or efficacy (Fucile et al., 1997).

Decreased agonist efficacy in the presence of the α5 subunit was also observed when receptor function was measured using the bioluminescent Ca2+ indicator aequorin. At saturating concentrations of the agonists nicotine and varenicline, together with 20 mM Ca2+ in the recording solution, the increase in intracellular Ca2+ concentration was significantly higher in HEK293 cells stably expressing α3β4* compared to cells expressing (α3β4)2α5; importantly, this effect of the α5 subunit was not due to a change in either the total or surface expression of the receptors (Tammimaki et al., 2012). Interestingly, and in contrast to results obtained with Xenopus oocytes (George et al., 2012), Tammimaki and colleagues found that the potency of mecamylamine was somewhat higher in cells expressing the α5 subunit (Tammimaki et al., 2012). Recently, the reduced efficacy of nicotine at activating (α3β4)2α5 receptors compared to (α3β4)2β4 receptors was confirmed by measuring aequorin luminescence in HEK293 cells stably transfected with human α3 and β4 subunits and cells stably expressing α3, β4, and α5 subunits (Ray et al., 2017).

Yu and Role studied the effect of α5 on α3β4* receptors in chick sympathetic neurons by functionally deleting the α5 subunit with antisense oligonucleotide treatment. The deletion of α5 significantly increased the potency of both ACh and cytisine. ACh was more efficacious than cytisine both with and without antisense treatment, but the difference was significantly larger upon deletion of α5. As deletion of α5 also eliminated channels that were blocked by the α7-specific antagonist methyllycaconitine while increasing the percentage of current carried by nAChRs that are sensitive to α-bungarotoxin, the authors inferred that native sympathetic neurons express heteromeric nAChRs that include both α5 and α7 (Yu and Role, 1998).

In β2 KO mice, the SCG neurons express ~75% α3β4* receptors and ~25% (α3β4)2α5 receptors, whereas α5β2 double-KO mice express exclusively α3β4* hetero-pentameric receptors, making these ideal models for investigating the role of the α5 subunit in endogenous α3β4* receptors (David et al., 2010). Moreover, as discussed below, experiments showed that the percentage of (α3β4)2α5 receptors in the plasma membrane is significantly higher than the percentage of the overall receptor pool determined by immunoprecipitation (Simeone et al., 2019). With respect to ligand potency, David and colleagues found no difference in either the potency or efficacy of cytisine or DMPP between cultured neurons prepared from either α5β2 double-KO mice or β2 KO mice, and the total number of nACh receptors was not reduced in either α5β2 double-KO mice or β2 KO mice (David et al., 2010). With respect to the single-channel properties, unitary conductance was similar between α5-containing receptors and α3β4* hetero-pentameric receptors; however, α5-containing receptors had a longer open dwell time and longer burst duration (Ciuraszkiewicz et al., 2013).

In cultured SCG neurons, both α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors are present at presynaptic sites, where receptor activation by ACh, nicotine, cytisine, DMPP, or epibatidine in the presence of TTX (for blocking voltage-gated Na+ channels) or Cd2+ (for blocking voltage-gated Ca2+ channels) triggers the release of preloaded [3H]-norepinephrine (Kristufek et al., 1999; Fischer et al., 2005b). Although agonist potency differed slightly between SCG cultures prepared from α5 KO mice and WT mice, the agonists' efficacy was considerably higher in α5 KO neurons (Fischer et al., 2005b). Importantly, the release of [3H]-norepinephrine required extracellular Ca2+ in the superfusion buffer, suggesting that Ca2+ entry via nAChRs triggers exocytosis and transmitter release, and intracellular Ca2+ imaging revealed that nAChR agonists induce a larger Ca2+ transient in α5 KO neurons compared to WT neurons (Fischer et al., 2005b). Given that the peak current amplitudes elicited in response to saturating concentrations of ACh, DMPP, and cytisine were similar between α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors (David et al., 2010), the above-mentioned findings suggest that receptors lacking the α5 subunit have increased Ca2+ permeability, increased Ca2+ release from intracellular stores, or an increase in additional downstream mechanisms, rather than a general increase in receptor efficacy. These findings are reminiscent of the results obtained using HEK293 cells expressing α3 and β4 subunits vs. cells expressing α3, β4, and α5 subunits (Tammimaki et al., 2012; Ray et al., 2017).

In summary, the α5 subunit does not significantly affect the sensitivity of α3β4* receptors expressed with concatemer constructs in Xenopus oocytes. However, heterologously expressed human receptors containing the α5 subunit are activated at higher efficacy than either (α3β4)2α3 or (α3β4)2β4 receptors. In contrast, endogenous receptors recorded in SCG neurons in α5 KO mice do not differ significantly from WT neurons with respect to either activation sensitivity or efficacy. Activation of α3β4* leads to a significantly higher increase in intracellular Ca2+ compared to (α3β4)2α5 receptors expressed in HEK293 cells. Likewise, SCG neurons taken from α5 KO mice show a significantly higher increase in intracellular Ca2+ upon receptor activation compared SCG neurons taken from WT mice, and receptor activation also induces a significantly higher release of preloaded [3H]-norepinephrine in SCG neurons taken from α5 KO mice. This contrasts observations in Xenopus oocytes, where (α3β4)2α5 receptors have higher Ca2+ permeability compared to α3β4* receptors.



Desensitization Properties

When expressed in Xenopus oocytes, the addition of the α5 subunit to the α3 and β4 subunits increased the rate of apparent receptor desensitization during ACh application (Gerzanich et al., 1998; Groot-Kormelink et al., 2001). Indeed, expressing the α5 subunit in a tsA201 cell line stably expressing human α3β4 receptors had no effect on the decay of currents elicited in response to 300 μM ACh (Nelson et al., 2001). Similarly, no difference in decay was observed using a higher concentration of ACh (1 mM), whereas 100 μM nicotine prolonged the current decay in HEK293 cells transfected with α5, α3, and β4 subunits compared to cells expressing only the α3 and β4 subunits (Li et al., 2011).

When HEK293 cells expressing either α3β4* or α3β4α5 receptors were incubated for 30 s with 1 mM ACh or 100 μM nicotine, the time course of recovery from desensitization measured using patch-clamp recording was similar between the two receptor subtypes (Li et al., 2011). Moreover, using the intracellular Ca2+-sensing photoprotein aequorin, Tammimaki and colleagues found no significant difference in nicotine IC50 values between α3β4* and (α3β4)2α5 receptors stably expressed in HEK293 cells upon prolonged exposed to nicotine (Tammimaki et al., 2012).

The current decay measured in response to 300 μM ACh and fit with the sum of two exponential functions was similar between α5 single-KO and α5β2 double-KO mice, which express α3β4* hetero-pentameric receptors and (α3β4)2α5 receptors, respectively (David et al., 2010). These KO mouse models were also used to measure receptor desensitization during prolonged exposure to nicotine in an intact SCG preparation in which compound action potentials (CAPs) were recorded from the postganglionic nerve in response to supramaximal stimulation of the preganglionic nerve. Nicotine added to the superfusion buffer at increasing concentrations yielded IC50 values of 3.01 μM for α3β4* receptors and 3.67 μM for (α3β4)2α5 receptors (Simeone et al., 2019). This small, yet statistically significant difference indicates that the presence of the α5 subunit provides a slight degree of protection from receptor desensitization, although these levels of nicotine are not achieved, even with heavy smoking (Moreyra et al., 1992).

Varying the stimulation frequency of the preganglionic nerve also revealed differences in CAP amplitude between ganglia expressing α3β4* receptors and ganglia expressing (α3β4)2α5 receptors (Simeone et al., 2019). With a stimulation frequency of 5 Hz, CAP amplitude increased significantly in WT ganglia but not in α5β2 KO ganglia; with 10-Hz stimulation, however, CAP amplitude decreased in α5β2 KO ganglia but not in WT ganglia, suggesting differences in activation and/or desensitization properties between these two receptors (Simeone et al., 2019).

In summary, the α5 subunit has just minor effects, if at all, on the desensitization properties of α3β4* receptors.



Receptor Expression and Membrane Trafficking

Measuring the total number of receptors using methods such as radiolabeled ligands (Brown et al., 2007; Baddick and Marks, 2011) or immunoprecipitation of solubilized [125I]-epibatidine–labeled receptors (Tammimaki et al., 2012) does not necessarily provide information regarding the number of functional receptors that actually reach the cell surface, requiring morphological, biochemical, and/or functional techniques in order to monitor receptor trafficking to the plasma membrane. Studies have shown that a number of chaperone proteins and regulatory proteins play a role in the trafficking of homo- and hetero-pentameric nAChR receptors to the plasma membrane (Millar and Harkness, 2008; St John, 2009; Crespi et al., 2018a). Because heterologous expression systems provide a robust model for studying receptor processing and trafficking, our current knowledge regarding the role of the α5 subunit in these processes stems primarily from studies involving cell lines (e.g., HEK293 cells), normal rat kidney cells, and Xenopus oocytes.

Combining [125I]-mAb210 immunolabeling, two-electrode voltage clamp, and single-channel electrophysiology, George and colleagues reported differential effects of lynx1 on surface expression and functional properties of (α3β4)2α3, (α3β4)2β4, and (α3β4)2α5 in oocytes (George et al., 2017). Lynx family proteins are related to elapid snake venom toxin genes, such as α-bungarotoxin, consisting of a three-fingered folding motif and multiple internal disulfide bonds (Miwa et al., 2019). Lynx1 was previously shown to directly bind to α4β2* nAChRs (Ibanez-Tallon et al., 2002) and to shift nAChR stoichiometry to low sensitivity (α4β2)2α4 pentamers (Nichols et al., 2014). Lynx1 reduced (α3β4)2β4 nAChR function principally by lowering cell-surface expression, whereas decreased unitary conductance, enhanced closed dwell times, and reduction in the proportion of long bursts accounted for reduced function of (α3β4)2α3 receptors. Alterations in both cell-surface expression and single-channel properties mediated by lynx1 accounted for the reduction in (α3β4)2α5 function (George et al., 2017).

Using [125I]-epibatidine binding of solubilized receptors and an mAb35-based ELISA assay in intact cells, Tammimaki and colleagues found no difference in the number of receptors between HEK293 cells stably expressing α3 and β4 subunits and cells expressing α3, β4, and α5 subunits (Tammimaki et al., 2012), suggesting that the α5 subunit does not interfere with the assembly and membrane trafficking of these receptors. In contrast, Ray and colleagues reported that co-expressing the human α5 subunit significantly reduced the number of α3β4* receptors at the plasma membrane in HEK293 cells (Ray et al., 2017). For their experiments, the authors inserted an N-terminal HA, cMYC, and V5 tag in the α3, β4, and α5 subunits, respectively, finding that 98% of receptors were (α3β4)2β4 receptors in cells expressing α3 and β4, whereas 50% of the receptors were (α3β4)2β4 and 50% were (α3β4)2α5 receptors in cells expressing α3, β4, and α5 subunits (Ray et al., 2017). Strikingly different results were obtained in rat kidney cells co-transfected with a dimeric plasmid expressing α3β4 together with a plasmid expressing α3, β4, or α5 (Crespi et al., 2018b). Using this approach, the authors found that including the β4-expressing construct resulted in (α3β4)2β4 receptors that reached the plasma membrane; in contrast, combining the dimeric construct with α3 resulted in (α3β4)2α3 receptors that failed to exit the endoplasmic reticulum, and combining the dimeric construct with α5 resulted in (α3β4)2α5 receptors were unable to exit the Golgi apparatus and were shuttled back to the endoplasmic reticulum (Crespi et al., 2018b).

An indirect method for measuring nAChRs at the cell surface is to record whole-cell currents in response to a saturating concentration of agonists; this approach has been used to determine whether the α5 subunit plays a role in receptor trafficking to the plasma membrane (e.g., Frahm et al., 2011; George et al., 2012). Using 2-electrode voltage-clamp recordings in Xenopus oocytes, Frahm and colleagues identified structural components in nAChR subunits critical for the trafficking of α3β4* receptors to the plasma membrane (Frahm et al., 2011). They found that injecting mouse β4—but not β2—cRNA in excess of α3 cRNA significantly increased currents elicited by 100 μM nicotine; if they included an excess amount α5 cRNA, nicotine-induced currents were reduced. They also found that the apparent potentiating effect of β4 was specific to amino acid S435, as it was eliminated by changing this serine to an arginine, the amino acid present in the equivalent position (R431) in the β2 subunit. Conversely, expressing a β2 subunit with a serine at position 431 results in a potentiation of nicotine-induced currents, giving the β2 subunit “β4-like” properties (Frahm et al., 2011). These results may explain the finding that the total number of nAChRs in the SCG is reduced by ~90% in β4 KO mice, while deleting the β2 subunit has no effect (David et al., 2010). Homology modeling by Frahm and colleagues using the Torpedo nAChR suggests that the receptor's five subunits form a vestibule in which residue S435 in the β4 subunit is in apposition to residue D397—corresponding to residue 398 in the human ortholog—in the α5 subunit (Figure 2) (Frahm et al., 2011). Notably, when expressed in Xenopus oocytes, the α5 subunit reduced receptor trafficking only when the non-concatenated forms of human α3 and β4 cRNA were used; expressing the α5 subunit had no effect when concatenated α3-β4 cRNA was used (George et al., 2012).

Interestingly, SCG neurons obtained from α5 KO mice did not differ from WT neurons with respect to the total number of receptors measured using immunoprecipitation or peak currents measured in response to ACh, cytisine, or DMPP, suggesting that the α5 subunit does not affect expression and membrane trafficking of endogenous α3β4* receptors (David et al., 2010). Conversely, the authors found that β4 KO mice do not express α5-containing receptors, with the small number of remaining receptors (corresponding to ~10% of the number of receptors measured in WT mice) comprised of α3β2* receptors (David et al., 2010). This finding differs from several heterologous systems, in which the receptors can be “forced” into an (α3β2)2α5 configuration (Wang et al., 1996, 1998; Fucile et al., 1997; Nelson et al., 2001; Papke et al., 2010).

As noted above, only 25% of all receptors in the SCG of β2 KO mice contain the α5 subunit, and this relatively small contribution to the total receptor pool may not be sufficient to reveal differences at the whole-cell level. However, the non-competitive nAChR antagonist hexamethonium was significantly less potent at blocking (α3β4)2α5 receptors compared to the α3β4* hetero-pentameric receptors expressed in α5β2 double-KO mice (see also Wang et al., 2002; Simeone et al., 2019). Using the difference in the right-shift in the concentration-response curve allowed Simeone and colleagues to calculate the potency of hexamethonium at blocking a hypothetical “pure” population of (α3β4)2α5 receptors, as well as the percentage of these receptors present at the cell surface. Interestingly, the authors found that hexamethonium inhibited transganglionic transmission in intact ganglia to the same extent as cultured SCG neurons stimulated with 100 μM ACh, suggesting that α5-containing receptors are dispersed along the surface of SCG neurons and are not specifically targeted to synaptic sites (Simeone et al., 2019). The finding that 72 and 63% of surface receptors are (α3β4)2α5 receptors in intact ganglia and cultured SCG neurons, respectively, indicates that α5-containing receptors are enriched at the plasma membrane (Simeone et al., 2019).

In summary, the majority of studies show that the α5 subunit does not significantly affect either the total number of receptors or the number of receptors expressed at the plasma membrane.



Do the Functional Properties Differ Between (α3β4)2α5N398 and (α3β4)2α5D398 Receptors?

In Xenopus oocytes, the agonists ACh, nicotine, cytisine, and varenicline had similar potencies at activating (α3β4)2α5D398 receptors vs. (α3β4)2α5N398 receptors expressed by injecting the α3-β4 concatemer together with the respective α5 variant (Stokes and Papke, 2012). Similarly, Kuryatov and colleagues found no difference with respect to ACh EC50 values, Ca2+ permeability, or short-term desensitization in response to a 3-s exposure to 100 μM ACh when separately injecting α3, β4, and either α5D398 or α5N398 cRNA at a ratio of 1:1:2 in Xenopus oocytes (Kuryatov et al., 2011).

As discussed above, nAChR expression in Xenopus oocytes can be significantly increased by injecting an excess amount of mouse β4 cRNA compared to α3 cRNA. However, this increased expression can be reduced by co-injecting α5 cRNA, suggesting that this residue in the α5 subunit may play a role in receptor assembly, processing, and/or trafficking. Moreover, when α3, β4, and α5 cRNA was injected at a 1:10:10 ratio, the N397 α5 variant was significantly more effective at decreasing receptor expression compared to the D397 variant (Frahm et al., 2011). Consistent with this finding, George and colleagues found that receptors expressed using the fully pentameric β4-α3-β4-α3-α5 concatemer differed significantly in their ACh-induced peak currents depending on whether the α5 subunit was the N398 or D398 variant (George et al., 2012). Still, none of the nAChR ligands tested differed in potency between the two α5 variants, regardless of whether the receptors were expressed using concatemers or separate constructs (George et al., 2012).

By taking advantage of the fusion proteins encoding concatemers of human α3, β4, α5D398, and α5N398 subunits, Ochoa and colleagues tested the effects of the co-expressed protoxin LYPD6B on distinct nAChRs in Xenopus oocytes. LYPD6B enhanced ACh potency for (α3β4)2α3 while reducing efficacy for (α3β4)2α3 and (α3β4)2α5D398 receptors, whereas the properties (α3β4)2β4 and (α3β4)2α5N398 remained unaffected (Ochoa et al., 2016).

Interestingly, both the peak current amplitude and the EC50 values for nicotine and acetylcholine were slightly but significantly higher in human iPSC-derived dopaminergic neurons carrying the N398 α5 variant compared to cells carrying the D398 variant (Deflorio et al., 2016). However, RT-PCR analysis revealed that these cells express both α4β2* and α3β4* receptors (Deflorio et al., 2016), suggesting that the polymorphism may have affected α4β2* as well as α3β4*receptors, although the ACh EC50 values of 63.4 μM (in cells with the D398 variant) and 93.9 μM (in cells with the N398 variant) suggest that the difference in currents primarily reflected the properties measured for the low-affinity α3β4* receptors.

Using patch-clamp recording, Li and colleagues found no significant differences in the functional properties (e.g., agonist potency and efficacy, receptor desensitization, or time course of recovery from desensitization) between α3 and β4 subunits co-expressed in HEK293 cells with either the D398 or N398 α5 variant (Li et al., 2011). In contrast, Tammimaki and colleagues measured changes in intracellular Ca2+ using aequorin and found significant differences between HEK293 cells expressing (α3β4)2α5N398, (α3β4)2α5D398, and α3β4* receptors, with cells expressing α3β4* receptors having the highest response (Tammimaki et al., 2012). In these cells, IP3 receptors and ryanodine receptors contribute to the increase in intracellular Ca2+, although the role of IP3 receptors was larger in the two cell lines expressing (α3β4)2α5 receptors compared to the cell line expressing α3β4* receptors; paradoxically, however, the cell lines expressing α3β4* receptors had the largest agonist-induced increase in intracellular Ca2+ (Tammimaki et al., 2012).

Recently, Ray and colleagues performed a comprehensive directed screen of a large library of potential nAChR ligands and small molecule kinase inhibitors in order to identify candidate compounds that can distinguish between (α3β4)2β4, (α3β4)2α5D398, and (α3β4)2α5N398 receptors. The authors used aequorin to measure the effect of 100 μM nicotine in HEK293 cell lines stably expressing the various receptors, finding 8 antagonists that differed between the various receptors, with some compounds able to distinguish between (α3β4)2α5D398 and (α3β4)2α5N398 receptors (Ray et al., 2017). Moreover, some molecules such as the EGF receptor tyrosine kinase inhibitor tyrphostin-25 and Zaprinast, an inhibitor of cGMP-specific phosphodiesterases V an VI, prevented the nicotine-induced increase in intracellular Ca2+ in cells expressing (α3β4)2β4 receptors, but had no effect in cells expressing either (α3β4)2α5D398 or (α3β4)2α5N398 receptors (Ray et al., 2017). Finally, the authors found that some molecules such as the protein tyrosine kinase inhibitor genistein and the protein kinase C inhibitor hypocrellin A differentially affected cells expressing (α3β4)2α5D398 vs. (α3β4)2α5N398 receptors (Ray et al., 2017).

In summary (α3β4)2α5D398 and (α3β4)2α5N398 receptors have similar properties with respect to sensitivity and efficacy; in contrast, these receptors differ significantly with respect to the effect of specific kinase inhibitors.




SUMMARY AND PERSPECTIVES


(α4β2)2α5 Receptors

A growing body of evidence based on both heterologously expressed and endogenous nAChR subunits indicates that the addition of the α5 subunit to α4β2* receptors significantly increases the receptor's Ca2+ permeability; for example, assays that measure intracellular Ca2+ have shown an increased efficacy of (α4β2)2α5 receptors compared to α4β2* receptors. This increased permeability affects downstream Ca2+-dependent signaling, including nAChR-mediated transmitter release. Studies using electrophysiology have also shown that native (α4β2)2α5 receptors have increased efficacy compared to α4β2* receptors.

The ligand affinity of (α4β2)2α5 receptors is similar to high-affinity (α4β2)2β2 receptors. Thus, replacing low-affinity (α4β2)2α4 receptors with (α4β2)2α5 receptors in a mixed population containing both (α4β2)2α4 and (α4β2)2β2 receptors will result in an overall population consisting of highly sensitive (i.e., high-affinity) receptors. In addition, the presence of the α5 subunit “protects” α4β2* receptors from chronic desensitization in the prolonged presence of even low concentrations of nicotine. In various heterologous expression systems, although the number of α4β2* receptors may be increased by expressing the α5 subunit, membrane trafficking of the resulting (α4β2)2α5 receptors may be reduced, leading to fewer receptors at the cell surface.

Most—but not all—cellular assays suggest that (α4β2)2α5 receptors containing the N398 α5 variant may have reduced functionality (i.e., reduced sensitivity and/or efficacy) compared to receptors containing the D398 variant, but increased functionality compared to α4β2* hetero-pentameric receptors. Thus, the N398 α5 variant appears to be able to replace—at least partially—the D398 variant in α4β2* receptors. Moreover, neither knocking out the α5 subunit nor replacing the D398 variant with the N398 variant significantly affects the overall expression of nAChRs in the CNS. Although recent studies involving both mice and rats have shown differences in drug-seeking behavior between WT animals (i.e., carrying the D398 variant) and animals carrying the N398 variant, the underlying cellular mechanisms remain poorly understood and warrant future study.



(α3β4)2α5 Receptors

In various heterologous expression systems, the presence of the α5 subunit has been found to increase, reduce, or have no effect on the number of α3β4* receptors, depending on the expression system used. In sympathetic neurons in α5 KO mice, loss of the α5 subunit does not affect currents induced by saturating concentrations of agonists, suggesting that the α5 subunit does not affect the number of functional receptors that traffic to the plasma membrane in these neurons. However, studies have shown that the α5 subunit requires the β4 subunit for proper expression of endogenous receptors, as β4 KO mice lack α5-containing receptors. Although (α3β4)2α5 receptors do not differ significantly from α3β4* hetero-pentameric receptors with respect to agonist potency or desensitization, nAChR antagonists such as mecamylamine and hexamethonium can distinguish between α3β4* and (α3β4)2α5 receptors.

Interestingly, the increase in intracellular Ca2+ upon receptor activation is differentially affected by the addition of the α5 subunit to α4β2* vs. α3β4* receptors. With respect to α3β4* receptors, addition of the α5 subunit decreases the Ca2+ response, despite the paradoxical finding that α5-containing receptors have increased Ca2+ permeability measured using voltage-clamp recordings in Xenopus oocytes. Thus, compared to (α3β4)2α5 receptors, activating α3β4* hetero-pentameric receptors cause a larger increase in intracellular Ca2+ and increased transmitter release. A review of the published literature suggests that this increase is unlikely to be due solely to an increased number of receptors at the plasma membrane when α5 is knocked out. Finally, evidence suggests that (α3β4)2α5 receptors containing the N398 α5 variant are more effective than receptors containing the D398 variant with respect to preventing the increase in intracellular Ca2+.



Perspectives

The growing list of compounds that can distinguish between α3β4*, (α3β4)2α5D398, and/or (α3β4)2α5N398 receptors based on inhibiting the receptor directly or inhibiting downstream signaling provide a robust set of tools for studying how the α5 subunit—and its two variants—affects the function of α4β2* and α3β4* receptors. A key to resolving the underlying mechanisms may be the intracellular loop connecting the third and fourth transmembrane domains, the site in which where nAChR subunits have the highest diversity, containing putative phosphorylation and protein-binding sites. As eloquently summarized by Stokes and colleagues (p. 522), “if we want insights into the functional roles of specific nAChR subtypes, we will have to make efforts to reveal the hidden functions of their intracellular domains” (Stokes et al., 2015).
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ABBREVIATIONS

ACh, acetylcholine; α-CtxMII, α-conotoxin MII; CAP, compound action potential; CNS, central nervous system; DhβE, dihydro-β-erythroidine; DMPP, dimethylphenylpiperazinium; EPSC, excitatory postsynaptic current; EPSP, excitatory postsynaptic potential; HEK, human embryonic kidney; IPN, interpeduncular nucleus; iPSC, induced pluripotent stem cell; KO, knockout; MHb, medial habenula; nAChR, nicotinic acetylcholine receptor; PFC, prefrontal cortex; PNS, peripheral nervous system; SCG, superior cervical ganglion; SNP, single-nucleotide polymorphism; TTX, tetrodotoxin; VIP, vasoactive intestinal polypeptide; VTA, ventral tegmental area; WT, wild-type.



FOOTNOTES

1The asterisk denotes that the two subunits listed (e.g., α4 and β2) comprise the backbone, with an additional subunit completing the pentamer. The additional subunit can be an “accessory” subunit such as α5 or a “complementary” subunit such as α4 or β2, giving rise to (α4β2)2α4 or (α4β2)2β2 pentamers, respectively.

2Thalamic neurons in WT mice express (α4β2)2α4, (α4β2)2β2, and (α4β2)2α5 receptors.

3In the mouse and rat homologs, amino acid 397 corresponds to amino acid 398 in the human α5 protein.



REFERENCES

 Alzu'bi, A., Middleham, W., Shoaib, M., and Clowry, G. J. (2020). Selective expression of nicotinic receptor sub-unit mRNA in early human fetal forebrain. Front. Mol. Neurosci. 13:72. doi: 10.3389/fnmol.2020.00072

 Antolin-Fontes, B., Ables, J. L., Gorlich, A., and Ibanez-Tallon, I. (2015). The habenulo-interpeduncular pathway in nicotine aversion and withdrawal. Neuropharmacol. 96(Pt B), 213–222. doi: 10.1016/j.neuropharm.2014.11.019

 Arvin, M. C., Jin, X. T., Yan, Y., Wang, Y., Ramsey, M. D., Kim, V. J., et al. (2019). Chronic nicotine exposure alters the neurophysiology of habenulo-interpeduncular circuitry. J. Neurosci. 39, 4268–4281. doi: 10.1523/JNEUROSCI.2816-18.2019

 Azam, L., Winzer-Serhan, U. H., Chen, Y., and Leslie, F. M. (2002). Expression of neuronal nicotinic acetylcholine receptor subunit mRNAs within midbrain dopamine neurons. J. Comp. Neurol. 444, 260–274. doi: 10.1002/cne.10138

 Baddick, C. G., and Marks, M. J. (2011). An autoradiographic survey of mouse brain nicotinic acetylcholine receptors defined by null mutants. Biochem. Pharmacol. 82, 828–841. doi: 10.1016/j.bcp.2011.04.019

 Bailey, C. D., Alves, N. C., De Biasi, M., and Lambe, E. K. (2009). Nicotine persistently activates prefrontal layer VI pyramidal neurons through α5 subunit-containing α4β2*nicotinic acetylcholine receptors. Biochem. Pharmacol. 78, 915–915. doi: 10.1016/j.bcp.2009.06.069

 Bailey, C. D., De, B. M., Fletcher, P. J., and Lambe, E. K. (2010). The nicotinic acetylcholine receptor α5 subunit plays a key role in attention circuitry and accuracy. J. Neurosci. 30, 9241–9252. doi: 10.1523/JNEUROSCI.2258-10.2010

 Beiranvand, F., Zlabinger, C., Orr-Urtreger, A., Ristl, R., Huck, S., and Scholze, P. (2014). Nicotinic acetylcholine receptors control acetylcholine and noradrenaline release in the rodent habenulo-interpeduncular complex. Br. J. Pharmacol. 171, 5209–5224. doi: 10.1111/bph.12841

 Benowitz, N. L., and Jacob, P. 3rd (1990). Intravenous nicotine replacement suppresses nicotine intake from cigarette smoking. J. Pharmacol. Exp. Ther. 254, 1000–1005.

 Berrettini, W. H., and Doyle, G. A. (2012). The CHRNA5-A3-B4 gene cluster in nicotine addiction. Mol. Psychiatry 17, 856–866. doi: 10.1038/mp.2011.122

 Bertrand, D., and Terry, A. V. Jr. (2018). The wonderland of neuronal nicotinic acetylcholine receptors. Biochem. Pharmacol. 151, 214–225. doi: 10.1016/j.bcp.2017.12.008

 Besson, M., Forget, B., Correia, C., Blanco, R., and Maskos, U. (2019). Profound alteration in reward processing due to a human polymorphism in CHRNA5: a role in alcohol dependence and feeding behavior. Neuropsychopharmacology 44, 1906–1916. doi: 10.1038/s41386-019-0462-0

 Bierut, L. J., Stitzel, J. A., Wang, J. C., Hinrichs, A. L., Grucza, R. A., Xuei, X., et al. (2008). Variants in nicotinic receptors and risk for nicotine dependence. Am. J. Psychiatry 165, 1163–1171. doi: 10.1176/appi.ajp.2008.07111711

 Brody, A. L., Mandelkern, M. A., London, E. D., Olmstead, R. E., Farahi, J., Scheibal, D., et al. (2006). Cigarette smoking saturates brain α4β2 nicotinic acetylcholine receptors. Arch. Gen. Psychiatry 63, 907–915. doi: 10.1001/archpsyc.63.8.907

 Brown, R. W. B., Collins, A. C., Lindstrom, J. M., and Whiteaker, P. (2007). Nicotinic α5 subunit deletion locally reduces high-affinity agonist activation without altering nicotinic receptor numbers. J. Neurochem. 103, 204–215. doi: 10.1111/j.1471-4159.2007.04700.x

 Champtiaux, N., Gotti, C., Cordero-Erausquin, M., David, D. J., Przybylski, C., Lena, C., et al. (2003). Subunit composition of functional nicotinic receptors in dopaminergic neurons investigated with knock-out mice. J. Neurosci. 23, 7820–7829. doi: 10.1523/JNEUROSCI.23-21-07820.2003

 Chatterjee, S., Santos, N., Holgate, J., Haass-Koffler, C. L., Hopf, F. W., Kharazia, V., et al. (2013). The α5 subunit regulates the expression and function of α4*-containing neuronal nicotinic acetylcholine receptors in the ventral-tegmental area. PLoS ONE 8:e68300. doi: 10.1371/journal.pone.0068300

 Ciuraszkiewicz, A., Schreibmayer, W., Platzer, D., Orr-Urtreger, A., Scholze, P., and Huck, S. (2013). Single-channel properties of α3β4, α3β4α5 and α3β4β2 nicotinic acetylcholine receptors in mice lacking specific nicotinic acetylcholine receptor subunits. J. Physiol. 591(Pt 13), 3271–3288. doi: 10.1113/jphysiol.2012.246595

 Conroy, W. G., and Berg, D. K. (1995). Neurons can maintain multiple classes of nicotinic acetylcholine receptors distinguished by different subunit compositions. J. Biol. Chem. 270, 4424–4431. doi: 10.1074/jbc.270.9.4424

 Conroy, W. G., and Berg, D. K. (1998). Nicotinic receptor subtypes in the developing chick brain: appearance of a species containing the α4, β2, and α5 gene products. Mol. Pharmacol. 53, 392–401. doi: 10.1124/mol.53.3.392

 Counotte, D. S., Goriounova, N. A., Moretti, M., Smoluch, M. T., Irth, H., Clementi, F., et al. (2012). Adolescent nicotine exposure transiently increases high-affinity nicotinic receptors and modulates inhibitory synaptic transmission in rat medial prefrontal cortex. FASEB J. 26, 1810–1820. doi: 10.1096/fj.11-198994

 Crespi, A., Colombo, S. F., and Gotti, C. (2018a). Proteins and chemical chaperones involved in neuronal nicotinic receptor expression and function: an update. Br. J. Pharmacol. 175, 1869–1879. doi: 10.1111/bph.13777

 Crespi, A., Plutino, S., Sciaccaluga, M., Righi, M., Borgese, N., Fucile, S., et al. (2018b). The fifth subunit in α3β4 nicotinic receptor is more than an accessory subunit. FASEB J. 32, 4190–4202. doi: 10.1096/fj.201701377R

 Dao, D. Q., Perez, E. E., Teng, Y., Dani, J. A., and De Biasi, M. (2014). Nicotine enhances excitability of medial habenular neurons via facilitation of neurokinin signaling. J. Neurosci. 34, 4273–4284. doi: 10.1523/JNEUROSCI.2736-13.2014

 David, R., Ciuraszkiewicz, A., Simeone, X., Orr-Urtreger, A., Papke, R. L., McIntosh, J. M., et al. (2010). Biochemical and functional properties of distinct nicotinic acetylcholine receptors in the superior cervical ganglion of mice with targeted deletions of nAChR subunit genes. Eur. J. Neurosci. 31, 978–993. doi: 10.1111/j.1460-9568.2010.07133.x

 Deflorio, C., Blanchard, S., Carisi, M. C., Bohl, D., and Maskos, U. (2016). Human polymorphisms in nicotinic receptors: a functional analysis in iPS-derived dopaminergic neurons. FASEB J. 31, 828–839. doi: 10.1096/fj.201600932R

 Exley, R., McIntosh, J. M., Marks, M. J., Maskos, U., and Cragg, S. J. (2012). Striatal α5 nicotinic receptor subunit regulates dopamine transmission in dorsal striatum. J. Neurosci. 32, 2352–2356. doi: 10.1523/JNEUROSCI.4985-11.2012

 Fischer, H., Liu, D. M., Lee, A., Harries, J. C., and Adams, D. J. (2005a). Selective modulation of neuronal nicotinic acetylcholine receptor channel subunits by G(o)-protein subunits. J. Neurosci. 25, 3571–3577. doi: 10.1523/JNEUROSCI.4971-04.2005

 Fischer, H., Orr-Urtreger, A., Role, L. W., and Huck, S. (2005b). Selective deletion of the α5 subunit differentially affects somatic-dendritic versus axonally targeted nicotinic ACh receptors in mouse. J. Physiol. 563, 119–137. doi: 10.1113/jphysiol.2004.075788

 Forget, B., Icick, R., Robert, J., Correia, C., Prevost, M. S., and Gielen, M. (in press). Alterations in nicotinic receptor alpha5 subunit gene differentially impact early later stages of cocaine addiction: a translational study in transgenic rats patients. Prog. Neurobiol. 101898. doi: 10.1016/j.pneurobio.2020.101898.

 Forget, B., Scholze, P., Langa, F., Morel, C., Pons, S., Mondoloni, S., et al. (2018). A human polymorphism in CHRNA5 is linked to relapse to nicotine seeking in transgenic rats. Curr. Biol. 28:3244. doi: 10.1016/j.cub.2018.08.044

 Fowler, C. D., Lu, Q., Johnson, P. M., Marks, M. J., and Kenny, P. J. (2011). Habenular α5 nicotinic receptor subunit signalling controls nicotine intake. Nature 471, 597–601. doi: 10.1038/nature09797

 Frahm, S., Slimak, M. A., Ferrarese, L., Santos-Torres, J., Antolin-Fontes, B., Auer, S., et al. (2011). Aversion to nicotine is regulated by the balanced activity of β4 and α5 nicotinic receptor subunits in the medial habenula. Neuron 70, 522–535. doi: 10.1016/j.neuron.2011.04.013

 Fucile, S., Barabino, B., Palma, E., Grassi, F., Limatola, C., Mileo, A. M., et al. (1997). α5 Subunits forms functional α3β4α5 nAChRs in transfected human cells. Neuroreport 8, 2433–2436. doi: 10.1097/00001756-199707280-00005

 George, A. A., Bloy, A., Miwa, J. M., Lindstrom, J. M., Lukas, R. J., and Whiteaker, P. (2017). Isoform-specific mechanisms of α3β4*-nicotinic acetylcholine receptor modulation by the prototoxin lynx1. FASEB J. 31, 1398–1420. doi: 10.1096/fj.201600733R

 George, A. A., Lucero, L. M., Damaj, M. I., Lukas, R. J., Chen, X., and Whiteaker, P. (2012). Function of human α3β4α5 nicotinic acetylcholine receptors is reduced by the α5(D398N) variant. J. Biol. Chem. 287, 25151–25162. doi: 10.1074/jbc.M112.379339

 Gerzanich, V., Wang, F., Kuryatov, A., and Lindstrom, J. (1998). α5 Subunit alters desensitization, pharmacology, Ca++ permeability and Ca++ modulation of human neuronal α3 nicotinic receptors. J. Pharmacol. Exp. Ther. 286, 311–320.

 Gotti, C., Moretti, M., Zanardi, A., Gaimarri, A., Champtiaux, N., Changeux, J.-P., et al. (2005). Heterogeneity and selective targeting of neuronal nicotinic acetylcholine receptor (nAChR) subtypes expressed on retinal afferents of the superior colliculus and lateral geniculate neucleus: identification of a new native nAChR subtype α3β2(α5 or β3) enriched in retinocollicular afferents. Mol. Pharmacol. 68, 1162–1171. doi: 10.1124/mol.105.015925

 Gotti, C., Zoli, M., and Clementi, F. (2006). Brain nicotinic acetylcholine receptors: native subtypes and their relevance. Trends Pharmacol. Sci. 27, 482–491. doi: 10.1016/j.tips.2006.07.004

 Grady, S. R., Moretti, M., Zoli, M., Marks, M. J., Zanardi, A., Pucci, L., et al. (2009). Rodent habenulo-interpeduncular pathway expresses a large variety of uncommon nAChR subtypes, but only the α3β4* and α3β3β4* subtypes mediate acetylcholine release. J. Neurosci. 29, 2272–2282. doi: 10.1523/JNEUROSCI.5121-08.2009

 Grady, S. R., Salminen, O., McIntosh, J. M., Marks, M. J., and Collins, A. C. (2010). Mouse striatal dopamine nerve terminals express α4α5β2 and two stoichiometric forms of α4β2*-nicotinic acetylcholine receptors. J. Mol. Neurosci. 40, 91–95. doi: 10.1007/s12031-009-9263-y

 Grady, S. R., Wageman, C. R., Patzlaff, N. E., and Marks, M. J. (2012). Low concentrations of nicotine differentially desensitize nicotinic acetylcholine receptors that include α5 or α6 subunits and that mediate synaptosomal neurotransmitter release. Neuropharmacology 62, 1935–1943. doi: 10.1016/j.neuropharm.2011.12.026

 Grando, S. A. (2014). Connections of nicotine to cancer. Nat. Rev. Cancer 14, 419–429. doi: 10.1038/nrc3725

 Grishin, A. A., Wang, C. I., Muttenthaler, M., Alewood, P. F., Lewis, R. J., and Adams, D. J. (2010). α-conotoxin AuIB isomers exhibit distinct inhibitory mechanisms and differential sensitivity to stoichiometry of α3β4 nicotinic acetylcholine receptors. J. Biol. Chem. 285, 22254–22263. doi: 10.1074/jbc.M110.111880

 Groot-Kormelink, P. J., Boorman, J. P., and Sivilotti, L. G. (2001). Formation of functional α3β4α5 human neuronal nicotinic receptors in Xenopus oocytes: a reporter mutation approach. Br. J. Pharmacol. 134, 789–796. doi: 10.1038/sj.bjp.0704313

 Grucza, R. A., Wang, J. C., Stitzel, J. A., Hinrichs, A. L., Saccone, S. F., Saccone, N. L., et al. (2008). A risk allele for nicotine dependence in CHRNA5 is a protective allele for cocaine dependence. Biol. Psychiatry 64, 922–929. doi: 10.1016/j.biopsych.2008.04.018

 Harpsoe, K., Ahring, P. K., Christensen, J. K., Jensen, M. L., Peters, D., and Balle, T. (2011). Unraveling the high- and low-sensitivity agonist responses of nicotinic acetylcholine receptors. J. Neurosci. 31, 10759–10766. doi: 10.1523/JNEUROSCI.1509-11.2011

 Hsu, Y. W., Tempest, L., Quina, L. A., Wei, A. D., Zeng, H., and Turner, E. E. (2013). Medial habenula output circuit mediated by α5 nicotinic receptor-expressing GABAergic neurons in the interpeduncular nucleus. J. Neurosci. 33, 18022–18035. doi: 10.1523/JNEUROSCI.2927-13.2013

 Ibanez-Tallon, I., Miwa, J. M., Wang, H. L., Adams, N. C., Crabtree, G. W., Sine, S. M., et al. (2002). Novel modulation of neuronal nicotinic acetylcholine receptors by association with the endogenous prototoxin lynx1. Neuron 33, 893–903. doi: 10.1016/S0896-6273(02)00632-3

 Improgo, M. R., Scofield, M. D., Tapper, A. R., and Gardner, P. D. (2010). The nicotinic acetylcholine receptor CHRNA5/A3/B4 gene cluster: dual role in nicotine addiction and lung cancer. Prog. Neurobiol. 92, 212–226. doi: 10.1016/j.pneurobio.2010.05.003

 Jackson, K. J., Marks, M. J., Vann, R. E., Chen, X., Gamage, T. F., Warner, J. A., et al. (2010). Role of α5 nicotinic acetylcholine receptors in pharmacological and behavioral effects of nicotine in mice. J. Pharmacol. Exp. Ther. 334, 137–146. doi: 10.1124/jpet.110.165738

 Jin, X., Bermudez, I., and Steinbach, J. H. (2014). The nicotinic α5 subunit can replace either an acetylcholine-binding or nonbinding subunit in the α4β2* neuronal nicotinic receptor. Mol. Pharmacol. 85, 11–17. doi: 10.1124/mol.113.089979

 Kabbani, N., Nordman, J. C., Corgiat, B. A., Veltri, D. P., Shehu, A., Seymour, V. A., et al. (2013). Are nicotinic acetylcholine receptors coupled to G proteins? Bioessays 35, 1025–1034. doi: 10.1002/bies.201300082

 Kabbani, N., Woll, M. P., Levenson, R., Lindstrom, J. M., and Changeux, J. P. (2007). Intracellular complexes of the β2 subunit of the nicotinic acetylcholine receptor in brain identified by proteomics. Proc. Natl. Acad. Sci. U.S.A. 104, 20570–20575. doi: 10.1073/pnas.0710314104

 King, J. R., Nordman, J. C., Bridges, S. P., Lin, M. K., and Kabbani, N. (2015). Identification and characterization of a G protein-binding cluster in α7 nicotinic acetylcholine receptors. J. Biol. Chem. 290, 20060–20070. doi: 10.1074/jbc.M115.647040

 Koukouli, F., Rooy, M., Tziotis, D., Sailor, K. A., O'Neill, H. C., Levenga, J., et al. (2017). Nicotine reverses hypofrontality in animal models of addiction and schizophrenia. Nat. Med. 23, 347–354. doi: 10.1038/nm.4274

 Krashia, P., Moroni, M., Broadbent, S., Hofmann, G., Kracun, S., Beato, M., et al. (2010). Human α3β4 neuronal nicotinic receptors show different stoichiometry if they are expressed in Xenopus oocytes or mammalian HEK293 cells. PLoS ONE 5:e13611. doi: 10.1371/journal.pone.0013611

 Kristufek, D., Stocker, E., Boehm, S., and Huck, S. (1999). Somatic and prejunctional nicotinic receptors in cultured rat sympathetic neurones show different agonist profiles. J. Physiol. 516, 739–756. doi: 10.1111/j.1469-7793.1999.0739u.x

 Kuryatov, A., Berrettini, W., and Lindstrom, J. (2011). Acetylcholine receptor (AChR) α5 subunit variant associated with risk for nicotine dependence and lung cancer reduces (α4β2)(2)α5 AChR function. Mol. Pharmacol. 79, 119–125. doi: 10.1124/mol.110.066357

 Kuryatov, A., Onksen, J., and Lindstrom, J. (2008). Roles of accessory subunits in α4β2*nicotinic receptors. Mol. Pharmacol. 74, 132–143. doi: 10.1124/mol.108.046789

 Lassi, G., Taylor, A. E., Timpson, N. J., Kenny, P. J., Mather, R. J., Eisen, T., et al. (2016). The CHRNA5-A3-B4 gene cluster and smoking: from discovery to therapeutics. Trends Neurosci. 39, 851–861. doi: 10.1016/j.tins.2016.10.005

 Le Novere, N., Corringer, P. J., and Changeux, J. P. (2002). The diversity of subunit composition in nAChRs: evolutionary origins, physiologic and pharmacologic consequences. J. Neurobiol. 53, 447–456. doi: 10.1002/neu.10153

 Lecourtier, L., and Kelly, P. H. (2007). A conductor hidden in the orchestra? Role of the habenular complex in monoamine transmission and cognition. Neurosci. Biobehav. Rev. 31, 658–672. doi: 10.1016/j.neubiorev.2007.01.004

 Lena, C., de Kerchove d'Exaerde, A., Cordero-Erausquin, M., Le Novere, N., del Mar Arroyo-Jimenez, M., and Changeux, J.-P. (1999). Diversity and distribution of nicotinic acetylcholine receptors in the locus ceruleus neurons. Proc. Natl. Acad. Sci. U.S.A. 96, 12126–12131. doi: 10.1073/pnas.96.21.12126

 Leslie, F. M., Mojica, C. Y., and Reynaga, D. D. (2013). Nicotinic receptors in addiction pathways. Mol. Pharmacol. 83, 753–758. doi: 10.1124/mol.112.083659

 Li, P., McCollum, M., Bracamontes, J., Steinbach, J. H., and Akk, G. (2011). Functional characterization of the α5(Asn398) variant associated with risk for nicotine dependence in the α3β4α5 nicotinic receptor. Mol. Pharmacol. 80, 818–827. doi: 10.1124/mol.111.073841

 Mandelzys, A., Pie, B., Deneris, E. S., and Cooper, E. (1994). The developmental increase in ACh current densities on rat sympathetic neurons correlates with changes in nicotinic ACh receptor subunit gene expression and occurs independent of innervation. J. Neurosci. 14, 2357–2364. doi: 10.1523/JNEUROSCI.14-04-02357.1994

 Mao, D., Perry, D. C., Yasuda, R. P., Wolfe, B. B., and Kellar, K. J. (2008). The α4β2α5 nicotinic cholinergic receptor in rat brain is resistant to up-regulation by nicotine in vivo. J. Neurochem. 104, 446–456. doi: 10.1111/j.1471-4159.2007.05011.x

 Mao, D., Yasuda, R. P., Fan, H., Wolfe, B. B., and Kellar, K. J. (2006). Heterogeneity of nicotinic cholinergic receptors in rat superior cervical and nodosa ganglia. Mol. Pharmacol. 70, 1693–1699. doi: 10.1124/mol.106.027458

 Marks, M. J., Meinerz, N. M., Brown, R. W., and Collins, A. C. (2010). 86Rb+ efflux mediated by α4β2*-nicotinic acetylcholine receptors with high and low-sensitivity to stimulation by acetylcholine display similar agonist-induced desensitization. Biochem. Pharmacol. 80, 1238–1251. doi: 10.1016/j.bcp.2010.06.040

 Maskos, U. (2020). The nicotinic receptor α5 coding polymorphism rs16969968 as a major target in disease: functional dissection and remaining challenges. J. Neurochem. 154, 241–250. doi: 10.1111/jnc.14989

 Matta, J. A., Gu, S., Davini, W. B., Lord, B., Siuda, E. R., Harrington, A. W., et al. (2017). NACHO mediates nicotinic acetylcholine receptor function throughout the brain. Cell Rep. 19, 688–696. doi: 10.1016/j.celrep.2017.04.008

 McClure-Begley, T. D., King, N. M., Collins, A. C., Stitzel, J. A., Wehner, J. M., and Butt, C. M. (2009). Acetylcholine-stimulated [3H]GABA release from mouse brain synaptosomes is modulated by α4β2 and α4α5β2 nicotinic receptor subtypes. Mol. Pharmacol. 75, 918–926. doi: 10.1124/mol.108.052274

 McGehee, D. S., and Role, L. W. (1995). Physiological diversity of nicotinic acetylcholine receptors expressed by vertebrate neurons. Annu. Rev. Physiol. 57, 521–546. doi: 10.1146/annurev.ph.57.030195.002513

 Millar, N. S., and Gotti, C. (2009). Diversity of vertebrate nicotinic acetylcholine receptors. Neuropharmacology 56, 237–246. doi: 10.1016/j.neuropharm.2008.07.041

 Millar, N. S., and Harkness, P. C. (2008). Assembly and trafficking of nicotinic acetylcholine receptors (review). Mol. Membr. Biol. 25, 279–292. doi: 10.1080/09687680802035675

 Miller, M. B., Wilson, R. S., Lam, T. T., Nairn, A. C., and Picciotto, M. R. (2018). Evaluation of the phosphoproteome of mouse α4/β2-containing nicotinic acetylcholine receptors in vitro and in vivo. Proteomes 6:42. doi: 10.3390/proteomes6040042

 Miwa, J. M., Anderson, K. R., and Hoffman, K. M. (2019). Lynx prototoxins: roles of endogenous mammalian neurotoxin-like proteins in modulating nicotinic acetylcholine receptor function to influence complex biological processes. Front. Pharmacol. 10:343. doi: 10.3389/fphar.2019.00343

 Miwa, J. M., Ibanez-Tallon, I., Crabtree, G. W., Sanchez, R., Sali, A., Role, L. W., et al. (1999). lynx1, an endogenous toxin-like modulator of nicotinic acetylcholine receptors in the mammalian CNS. Neuron 23, 105–114. doi: 10.1016/S0896-6273(00)80757-6

 Molas, S., DeGroot, S. R., Zhao-Shea, R., and Tapper, A. R. (2017). Anxiety and nicotine dependence: emerging role of the habenulo-interpeduncular axis. Trends Pharmacol. Sci. 38, 169–180. doi: 10.1016/j.tips.2016.11.001

 Morel, C., Fattore, L., Pons, S., Hay, Y. A., Marti, F., Lambolez, B., et al. (2014). Nicotine consumption is regulated by a human polymorphism in dopamine neurons. Mol. Psychiatry 19, 930–936. doi: 10.1038/mp.2013.158

 Moreyra, A. E., Lacy, C. R., Wilson, A. C., Kumar, A., and Kostis, J. B. (1992). Arterial blood nicotine concentration and coronary vasoconstrictive effect of low-nicotine cigarette smoking. Am. Heart J. 124, 392–397. doi: 10.1016/0002-8703(92)90603-S

 Morton, G., Nasirova, N., Sparks, D. W., Brodsky, M., Sivakumaran, S., Lambe, E. K., et al. (2018). Chrna5-expressing neurons in the interpeduncular nucleus mediate aversion primed by prior stimulation or nicotine exposure. J. Neurosci. 38, 6900–6920. doi: 10.1523/JNEUROSCI.0023-18.2018

 Nelson, M. E., Wang, F., Kuryatov, A., Choi, C. H., Gerzanich, V., and Lindstrom, J. (2001). Functional properties of human nicotinic AChRs expressed by IMR-32 neuroblastoma cells resemble those of a3b4 AChRs expressed in permanently transfected HEK cells. J. Gen. Physiol. 118, 563–582. doi: 10.1085/jgp.118.5.563

 Nichols, W. A., Henderson, B. J., Marotta, C. B., Yu, C. Y., Richards, C., Dougherty, D. A., et al. (2016). Mutation linked to autosomal dominant nocturnal frontal lobe epilepsy reduces low-sensitivity α4β2, and increases α5α4β2, nicotinic receptor surface expression. PLoS ONE 11:e0158032. doi: 10.1371/journal.pone.0158032

 Nichols, W. A., Henderson, B. J., Yu, C., Parker, R. L., Richards, C. I., Lester, H. A., et al. (2014). Lynx1 shifts α4β2 nicotinic receptor subunit stoichiometry by affecting assembly in the endoplasmic reticulum. J. Biol. Chem. 289, 31423–31432. doi: 10.1074/jbc.M114.573667

 Ochoa, V., George, A. A., Nishi, R., and Whiteaker, P. (2016). The prototoxin LYPD6B modulates heteromeric α3β4-containing nicotinic acetylcholine receptors, but not α7 homomers. FASEB J. 30, 1109–1119. doi: 10.1096/fj.15-274548

 O'Neill, H. C., Wageman, C. R., Sherman, S. E., Grady, S. R., Marks, M. J., and Stitzel, J. A. (2018). The interaction of the Chrna5 D398N variant with developmental nicotine exposure. Genes Brain Behav. 17:e12474. doi: 10.1111/gbb.12474

 Oni, E. N., Halikere, A., Li, G., Toro-Ramos, A. J., Swerdel, M. R., Verpeut, J. L., et al. (2016). Increased nicotine response in iPSC-derived human neurons carrying the CHRNA5 N398 allele. Sci. Rep. 6:34341. doi: 10.1038/srep34341

 Papke, R. L., Wecker, L., and Stitzel, J. A. (2010). Activation and inhibition of mouse muscle and neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes. J. Pharmacol. Exp. Ther. 333, 501–518. doi: 10.1124/jpet.109.164566

 Picciotto, M. R., and Kenny, P. J. (2013). Molecular mechanisms underlying behaviors related to nicotine addiction. Cold Spring Harb. Perspect. Med. 3:a012112. doi: 10.1101/cshperspect.a012112

 Pistillo, F., Clementi, F., Zoli, M., and Gotti, C. (2015). Nicotinic, glutamatergic and dopaminergic synaptic transmission and plasticity in the mesocorticolimbic system: focus on nicotine effects. Prog. Neurobiol. 124, 1–27. doi: 10.1016/j.pneurobio.2014.10.002

 Pons, S., Fattore, L., Cossu, G., Tolu, S., Porcu, E., McIntosh, J. M., et al. (2008). Crucial role of α4 and α6 nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine self-administration. J. Neurosci. 28, 12318–12327. doi: 10.1523/JNEUROSCI.3918-08.2008

 Poorthuis, R. B., Bloem, B., Verhoog, M. B., and Mansvelder, H. D. (2013). Layer-specific interference with cholinergic signaling in the prefrontal cortex by smoking concentrations of nicotine. J. Neurosci. 33, 4843–4853. doi: 10.1523/JNEUROSCI.5012-12.2013

 Porter, J. T., Cauli, B., Tsuzuki, K., Lambolez, B., Rossier, J., and Audinat, E. (1999). Selective excitation of subtypes of neocortical interneurons by nicotinic receptors. J. Neurosci. 19, 5228–5235. doi: 10.1523/JNEUROSCI.19-13-05228.1999

 Prevost, M. S., Bouchenaki, H., Barilone, N., Gielen, M., and Corringer, P. J. (2020). Concatemers to re-investigate the role of alpha5 in alpha4beta2 nicotinic receptors. Cell Mol. Life Sci. doi: 10.1007/s00018-020-03558-z

 Putz, G., Kristufek, D., Orr-Urtreger, A., Changeux, J. P., Huck, S., and Scholze, P. (2008). Nicotinic acetylcholine receptor-subunit mRNAs in the mouse superior cervical ganglion are regulated by development but not by deletion of distinct subunit genes. J. Neurosci. Res. 86, 972–981. doi: 10.1002/jnr.21559

 Quick, M. W., Ceballos, R. M., Kasten, M., McIntosh, J. M., and Lester, R. A. (1999). α3β4 subunit-containing nicotinic receptors dominate function in rat medial habenula neurons. Neuropharmacol. 38, 769–783. doi: 10.1016/S0028-3908(99)00024-6

 Quick, M. W., and Lester, R. A. J. (2002). Desensitization of neuronal nicotinic receptors. J. Neurobiol. 53, 457–478. doi: 10.1002/neu.10109

 Ramirez-Latorre, J., Yu, C. R., Qu, X., Perin, F., Karlin, A., and Role, L. W. (1996). Functional contributions of α5 subunit to neuronal acetylcholine receptor channels. Nature 380, 347–351. doi: 10.1038/380347a0

 Ray, C., Soderblom, E. J., Bai, Y., Carroll, F. I., Caron, M. G., and Barak, L. S. (2017). Probing the allosteric role of the α5 subunit of α3β4α5 nicotinic acetylcholine receptors by functionally Selective modulators and ligands. ACS Chem. Biol. 12, 702–714. doi: 10.1021/acschembio.6b01117

 Ren, J., Qin, C., Hu, F., Tan, J., Qiu, L., Zhao, S., et al. (2011). Habenula “cholinergic” neurons co-release glutamate and acetylcholine and activate postsynaptic neurons via distinct transmission modes. Neuron 69, 445–452. doi: 10.1016/j.neuron.2010.12.038

 Sacaan, A. I., Dunlop, J. L., and Lloyd, G. K. (1995). Pharmacological characterization of neuronal acetylcholine gated ion channel receptor-mediated hippocampal norepinephrine and striatal dopamine release from rat brain slices. J. Pharmacol. Exp. Ther. 274, 224–230.

 Salas, R., Orr-Urtreger, A., Broide, R. S., Beaudet, A., Paylor, R., and De Biasi, M. (2003). The nicotinic acetylcholine receptor subunit α5 mediates short-term effects of nicotine in vivo. Mol. Pharmacol. 63, 1059–1066. doi: 10.1124/mol.63.5.1059

 Salminen, O., Murphy, K. L., McIntosh, J. M., Drago, J., Marks, M. J., Collins, A. C., et al. (2004). Subunit composition and pharmacology of two classes of striatal presynaptic nicotinic acetylcholine receptors mediating dopamine release in mice. Mol. Pharmacol. 65, 1526–1535. doi: 10.1124/mol.65.6.1526

 Scholze, P., Koth, G., Orr-Urtreger, A., and Huck, S. (2012). Subunit composition of α5-containing nicotinic receptors in the rodent habenula. J. Neurochem. 121, 551–560. doi: 10.1111/j.1471-4159.2012.07714.x

 Scholze, P., Orr-Urtreger, A., Changeux, J. P., McIntosh, J. M., and Huck, S. (2007). Catecholamine outflow from mouse and rat brain slice preparations evoked by nicotinic acetylcholine receptor activation and electrical field stimulation. Br. J. Pharmacol. 151, 414–422. doi: 10.1038/sj.bjp.0707236

 Sciaccaluga, M., Moriconi, C., Martinello, K., Catalano, M., Bermudez, I., Stitzel, J. A., et al. (2015). Crucial role of nicotinic α5 subunit variants for Ca2+ fluxes in ventral midbrain neurons. FASEB J. 29, 3389–3398. doi: 10.1096/fj.14-268102

 Sheffield, E. B., Quick, M. W., and Lester, R. A. (2000). Nicotinic acetylcholine receptor subunit mRNA expression and channel function in medial habenula neurons. Neuropharmacology 39, 2591–2603. doi: 10.1016/S0028-3908(00)00138-6

 Simeone, X., Karch, R., Ciuraszkiewicz, A., Orr-Urtreger, A., Lemmens-Gruber, R., Scholze, P., et al. (2019). The role of the nAChR subunits α5, β2, and β4 on synaptic transmission in the mouse superior cervical ganglion. Physiol. Rep. 7:e14023. doi: 10.14814/phy2.14023

 Slimak, M. A., Ables, J. L., Frahm, S., Antolin-Fontes, B., Santos-Torres, J., Moretti, M., et al. (2014). Habenular expression of rare missense variants of the β4 nicotinic receptor subunit alters nicotine consumption. Front. Hum. Neurosci. 8:12. doi: 10.3389/fnhum.2014.00012

 St John, P. A. (2009). Cellular trafficking of nicotinic acetylcholine receptors. Acta Pharmacol. Sin. 30, 656–662. doi: 10.1038/aps.2009.76

 Stevens, V. L., Bierut, L. J., Talbot, J. T., Wang, J. C., Sun, J., Hinrichs, A. L., et al. (2008). Nicotinic receptor gene variants influence susceptibility to heavy smoking. Cancer Epidemiol. Biomarkers Prev. 17, 3517–3525. doi: 10.1158/1055-9965.EPI-08-0585

 Stokes, C., and Papke, R. L. (2012). Use of an α3β4 nicotinic acetylcholine receptor subunit concatamer to characterize ganglionic receptor subtypes with specific subunit composition reveals species-specific pharmacologic properties. Neuropharmacology 63, 538–546. doi: 10.1016/j.neuropharm.2012.04.035

 Stokes, C., Treinin, M., and Papke, R. L. (2015). Looking below the surface of nicotinic acetylcholine receptors. Trends Pharmacol. Sci. 36, 514–523. doi: 10.1016/j.tips.2015.05.002

 Tammimaki, A., Herder, P., Li, P., Esch, C., Laughlin, J. R., Akk, G., et al. (2012). Impact of human D398N single nucleotide polymorphism on intracellular calcium response mediated by α3β4α5 nicotinic acetylcholine receptors. Neuropharmacology 63, 1002–1011. doi: 10.1016/j.neuropharm.2012.07.022

 Tapia, L., Kuryatov, A., and Lindstrom, J. (2007). Ca2+ permeability of the (α4)(3)(β2)(2) stoichiometry greatly exceeds that of (α4)(2)(β2)(3) human acetylcholine receptors. Mol. Pharmacol. 71, 769–776. doi: 10.1124/mol.106.030445

 Thorgeirsson, T. E., Geller, F., Sulem, P., Rafnar, T., Wiste, A., Magnusson, K. P., et al. (2008). A variant associated with nicotine dependence, lung cancer and peripheral arterial disease. Nature 452, 638–642. doi: 10.1038/nature06846

 Tuesta, L. M., Fowler, C. D., and Kenny, P. J. (2011). Recent advances in understanding nicotinic receptor signaling mechanisms that regulate drug self-administration behavior. Biochem. Pharmacol. 82, 984–995. doi: 10.1016/j.bcp.2011.06.026

 Venkatesan, S., and Lambe, E. K. (2020). Chrna5 is essential for a rapid and protected response to optogenetic release of endogenous acetylcholine in prefrontal cortex. J. Neurosci. 40, 7255–7268. doi: 10.1523/JNEUROSCI.1128-20.2020

 Wada, E., McKinnon, D., Heinemann, S., Patrick, J., and Swanson, L. W. (1990). The distribution of mRNA encoded by a new member of the neuronal nicotinic acetylcholine receptor gene family α5 in the rat central nervous system. Brain Res. 526, 45–53. doi: 10.1016/0006-8993(90)90248-A

 Wageman, C. R., Marks, M. J., and Grady, S. R. (2014). Effectiveness of nicotinic agonists as desensitizers at presynaptic α4β2- and α4α5β2-nicotinic acetylcholine receptors. Nicotine. Tob. Res. 16, 297–305. doi: 10.1093/ntr/ntt146

 Wang, F., Gerzanich, V., Wells, G. B., Anand, R., Peng, X., Keyser, K., et al. (1996). Assembly of human neuronal nicotinic receptor α5 subunits with α3, β2, and β4 subunits. J. Biol. Chem. 271, 17656–17665. doi: 10.1074/jbc.271.30.17656

 Wang, F., Nelson, M. E., Kuryatov, A., Olale, F., Cooper, J., Keyser, K., et al. (1998). Chronic nicotine treatment up-regulates human α3β2 but not α3β4 acetylcholine receptors stably transfected in human embryonic kidney cells. J. Biol. Chem. 273, 28721–28732. doi: 10.1074/jbc.273.44.28721

 Wang, N., Orr-Urtreger, A., Chapman, J., Rabinowitz, R., Nachmann, R., and Korczyn, A. D. (2002). Autonomic function in mice lacking α5 neuronal nicotinic acetylcholine receptor subunit. J. Physiol. 542, 347–354. doi: 10.1113/jphysiol.2001.013456

 Winzer-Serhan, U. H., and Leslie, F. M. (2005). Expression of alpha5 nicotinic acetylcholine receptor subunit mRNA during hippocampal and cortical development. J. Comp. Neurol. 481, 19–30. doi: 10.1002/cne.20357

 Wonnacott, S. (1997) Presynaptic nicotinic ACh receptors. Trends Neurosci. 20, 92–98. doi: 10.1016/s0166-2236(96)10073-4.

 Wooltorton, J. R., Pidoplichko, V. I., Broide, R. S., and Dani, J. A. (2003). Differential desensitization and distribution of nicotinic acetylcholine receptor subtypes in midbrain dopamine areas. J. Neurosci. 23, 3176–3185. doi: 10.1523/JNEUROSCI.23-08-03176.2003

 Xanthos, D. N., Beiersdorf, J. W., Thrun, A., Ianosi, B., Orr-Urtreger, A., Huck, S., et al. (2015). Role of α5-containing nicotinic receptors in neuropathic pain and response to nicotine. Neuropharmacology 95, 37–49. doi: 10.1016/j.neuropharm.2015.02.012

 Yu, C. R., and Role, L. W. (1998). Functional contribution of the α5 subunit to neuronal nicotinic channels expressed by chick sympathetic ganglion neurones. J. Physiol. 509 (Pt 3), 667–681. doi: 10.1111/j.1469-7793.1998.667bm.x

 Zoli, M., Moretti, M., Zanardi, A., McIntosh, J. M., Clementi, F., and Gotti, C. (2002). Identification of the nicotinic receptor subtypes expressed on dopaminergic terminals in the rat striatum. J. Neurosci. 22, 8785–8789. doi: 10.1523/JNEUROSCI.22-20-08785.2002

 Zoli, M., Pucci, S., Vilella, A., and Gotti, C. (2018). Neuronal and extraneuronal nicotinic acetylcholine receptors. Curr. Neuropharmacol. 16, 338–349. doi: 10.2174/1570159X15666170912110450

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

Copyright © 2020 Scholze and Huck. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnsyn-12-607959-t001.jpg
Receptor Receptor Expression system Expression level Potency Efficacy’ Desensitization ~ Desensitization Assay References
without o5 with 59398 or preparation acute chronic
or with 5%
Chick a2+ («4p2)oaS Xenopus ACh current 3 ACh current 1 Voltage clamp Ramirez-Latorre et al.,
1996
Chick adp2* (a4f2)p05 Xenopus ACh current | ACh current Voltage clamp Fucile et al., 1997
Human («4p2)paS Xenopus ACh current < Voltage clamp Tapia et al., 2007
(adp2)2p2 ACh
Ca?* permeability 1
Human («4p2)oas Xenopus ACh current 1 Voltage clamp Tapia et al., 2007
(wdp2)o0d ACh
Ca2+ permeability 1
Human (@4B2),055%%  Xenopus ACh current < ACh i Voltage clamp Kuryatov et al., 2011
(«4p2)2a5"% Ca?* permeabilty 1
Human («4p2has Xenopus ACh current < ACh current § Voltage clamp Prevost et al., 2020
(«4p2)op2 Saz-A current |
Human («4p2)pas Xenopus ACh current 1 ACh current | Voltage clamp Prevost et al., 2020
(wdp2)o0d Saz-A currentt
Human (@4B2),055%%  Xenopus ACh current < ACh current & o Voltage clamp Prevost et al., 2020
(«4p2)as™%
Mouse («4p2)2p2  (x4B2)2es Xenopus ACh current 1 ACh current | Voltage clamp Nichols et al., 2016
(«4p2)p0d
Mouse («4p2)pas HEK293 ACh | Membrane potential  Nichols et al., 2016
(«4p2)2p2 assay kit
Human (a4p2)as Xenopus ACh current < ACh current | Voltage clamp Jinetal, 2014
(4p2)2p2
Human («dp2)0d  (4p2)2a5 Xenopus ACh current 1 ACh current | Voltage clamp Jinetal, 2014
Human («4p2):p2°  («42)2a5 15A201 + Overall ACh | t o8 Membrane potential andKuryatov et al., 2008
(€4p2)p04 | Cellsurface  Nic | Cal* assay kits
[PHJ-epibatidine
(MAB295, mA210)
Mouse® («4p2)paS™  HEK293T <« Overall Epi Ca?* Epi Ca?* ¢ Aequorin Blerut et al., 2008
(@4p2)p08" [1%1]-epibaticine
«5 KO Mouse WT Mouse” Thalamus, striatum <> Overall ACh & ACh 18 Rb* efflux Brown et al., 2007
synaptosomes [1?51)-epibaticine
5 KO Mouse WT Mouse Thalamus, hindborain <> Overall ACh 1° SRo* effiux Jackson et al., 2010
synaptosomes ['%1)-epibaticine
5 KO Mouse WT Mouse Striatum ACh < ACh 110 [PH]-DA release Salminen et al., 2004
synaptosomes
5 KO Mouse WT Mouse Dorsal striatum slice Electrical stimulation DArelease, fast-scan  Exley et al,, 2012
11 cyclic voltammetry
a5 KO Mouse WT Mouse Prefrontal cortex ACh ACh 112 [PH-GABArelease  McClure-Begley et al.,
synaptosomes 2009
a5 KO Mouse WT Mouse Habenula, IPN intact < Overall Nic [PH}-NE release Beiranvand et al., 2014
tissue [PH}-epibatidine
5 KO Mouse WT Mouse Prefrontal cortex o [PH)-GABA release Grady et al., 2012
‘synaptosomes
a5 KO Mouse WT Mouse Striatum 1 [PH}-DA release Wageman etal., 2014
synaptosomes
15(dp2), a5 WT Mouse Habenula 116 Overall ACh & ACh & #Rb* efflux O'Neill et al., 2018
(03p4)a8™7 synaptosomes [1%51]-epibaticine
(dp2)o05N WT Mouse Striatum < Overall ACh 417 [BH)-DA release O'Neill et al., 2018
synaptosomes [1%81)-epibaticine
a5 KO Mouse WT Mouse Habenula, IPN ACh 118 BRb* efflux Fowler etal., 2011
synaptosomes
a5 KO Mouse WT Mouse PFC layer VI pyramidal ACh 1 current ACh current ! Patch clamp Bailey et al., 2009
cells, slice
5 KO Mouse WT Mouse VTA slice  Overall ACh current 1 Patch clamp Chatterjee et al., 2013
adYFP
a5 KO Mouse WT Mouse VTA sice Firing rate 1 DMPP current Patch clamp Morel et al., 2014
Anesthetized mouse Nic intravenously Extracellular recordings
9(wdp2)paSN  WT Mouse VTA slice Firing rate 1 DMPP current < Patch clamp Morel et al., 2014
Anesthetized mouse Nic intravenously Extracellular recordings
a5 KO Rat WT Rat VTA slce < Overall Firing rate 1 DMPP current 1 Patch clamp Forget et al., 2018
Anesthetized rat Nic intravenously Extracellular recordings
2(adp2)pa5"  WT Rat VTA slice < Overall Firing rate < DMPP current < Patch clamp Forget et al,, 2018
Anesthetized rat Nic intravenously Extracellular recordings
a5 KO Rat WT Rat IPN slice Nic current 1 Patch clamp Forget et al., 2018
(04p2)oa5N WT Rat IPN slice Nic current 1 Patch clamp Forget et al.,, 2018
Human (@42l (4p2)a5™®  GHACT Nic current |. }2' Ca?* © Patch clamp Sciaccaluga et al.,
Fura-2 Ca?*+ assay 2015
Human («4B2)p0503% GH4C1 Nic current < <> Ca?* 4 122 Patch clamp Sciaccaluga et al.,
(«4B2)p05N% Fura-2 Ca?* assay 2015
5 KO Mouse?®  WT Mouse Ventral midbrain cell Nic 112 Ca?* Fura-2Ca?* assay ~ Sciaccaluga et al.,
culture 2015
B(4p2)p05"7  WT Mouse Ventral midbrain cell Nic 1% Ca2* Fura-2Ca?* assay ~ Sciaccalugaetal.,
culture 2015
5 KO Mouse WT Mouse Ventral midbrain slice Nic current 127 Patch clamp Sciaccaluga et al.,
2015
(04p2)pa5N7 WT Mouse Ventral midbrain slice Nic current 128 Patch clamp Sciaccaluga et al.,
2015
(04p2),05N% (24p2),a5%%%  Dopaminergic iPSC Nic g Patch clamp Onietal., 2016
Glutamatergic iPSC EPSC frequency
a5 KO Mouse WT Mouse PFC layer I/l VIP Firing rate 1 of VIP Invivo two-photon  Koukoui et al., 2017
neurons interneurons calcium imaging
WT Mouse PFG layer I/l VIP Firing rate 1 of VIP Invivo two-photon  Koukoui et al., 2017
(a4p2)p05\  neurons interneurons calcium imaging
a5 KO Mouse WT Mouse Rostral IPN slice Nic current 1 ACh, Nic current 1 Patch clamp Morton et al,, 2018

Nic firing rate 1

Extracellular recordings

" Deduced from maximal effect at saturating agonist concentration. Unless specifically exciuded, an increased efficacy may also result from a higher number of plasma membrane receptors.
2The asterisk means that the two subunits build a backbone, and that an adcitional subunit will contribute to the fifth position.

3Downward arow means reuced effect of receptors shown in column 2 (receptor with o5 D398) compared to column 1 (receptor without 5 or with a5 N39).
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5Mice engineered to express the a5 N397 variant.
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"Deduced from maximal effect at saturating agonist concentration. Unless specificall excluded the increased efficacy may aiso result from a higher number of plasma membrane receptors.
2The asterisk means that the two subunits build a backbone, and that an adltionel subunit will contribute to the fth position.

SUpward arrow means enhanced effect of receptors shown in column 2 (receptor with o5 D398) compared to column 1 (receptor without oS or with a5 N398).

4Co-expression of a5 leads to a biphasic concentration-response curve due to the appearance of a second low-affinity component

5By comparison of ECgo values of peak currents; the a3p4" concentration-response curve for net charge is biphasic.

SComparison of ECso values of peak currents.

"Significantly different for ACh; enhanced but not significantly different for nicotine and cytisine in WT.

BWith ratios of 10:10:1 for o5:pd:a3 injected CRNA, o5 wil reduce currents compared to oocytes injected with pd:a3 at a ratio of 10:1.

With ratios of 10:10:1 for o5:p4:a3 injected CRNA, currents by a5 D397 are larger than currents by a5 N397.

100nly 14% of «3p4" receptors contain the o5 subunit.

10nly 14% of «3p4" receptors contain the o5 subunit.

12 FLAG epitope was inserted near the amino terminus of the a5 subunit. Cells were selected by binding to beads coated with antibody to the FLAG epitope.

13Decay time not significantly different for 1mM ACh; significantly prolonged for 100 M nicotine.

14Recovery from desensitization.

15Recovery from desensitization.

1®Residlual current after a 40's puise of 100 M ACh, recorded by patch clamp electrophysiology (bath solution with 2mM Ca?).

7 (a3p4),a5P3%8 s significantly more sensitive than (a3p4)2a53%,

"8Residlual current after a 405 pulse of 100 M ACh, recorded by patch clamp electrophysiology (bath solution with 2mM Ca2).

194S: antisense oligonuceotide treatment.

2°Remaining receptors are 100% a3p4.

2 Remaining receptors are 75% a3p4 and 25% (w3p4)2e5.

22Unaltered amplitude of compound action potential and EPSC.

ACh, acetylcholine; DA, dopamine, dopaminergic; Cyt, cytisine; DMPP, dimethylphenylpiperazinium; Epi, epibatidine; EPSC, excitatory postsynaptic current; HEK, human embryonic Kicney cells; IPN, interpeduncular nucieus; iPSC,
induced pluripotent stem cell; KO, knockout; MHb, medial habenuie; NE, norepinephrine; Nic, nicotine; PFC, prefrontal cortex; Saz-A, sazeticine-A; SCG, superior cervical ganglion; Var, varenicline; VIR, vasoactive intestinal polyeptide;
VTA ventral tegmental area; WT, wild type.
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