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A review of experimental techniques used for the heterologous expression of nicotinic acetylcholine receptors

A c c e p t e d M a n u s c r i p t 2 Nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop family of neurotransmitter-gated ion channels, a family that also includes receptors for γaminobutyric acid, glycine and 5-hydroxytryptamine. In humans, nAChRs have been implicated in several neurological and psychiatric disorders and are major targets for pharmaceutical drug discovery. In addition, nAChRs are important targets for neuroactive pesticides in insects and in other invertebrates. Historically, nAChRs have been one of the most intensively studied families of neurotransmitter receptors. They were the first neurotransmitter receptors to be biochemically purified and the first to be characterized by molecular cloning and heterologous expression. Although much has been learnt from studies of native nAChRs, the expression of recombinant nAChRs has provided dramatic advances in the characterization of these important receptors. This review will provide a brief history of the characterization of nAChRs by heterologous expression. It will focus, in particular, upon studies of recombinant nAChRs, work that has been conducted by many hundreds of scientists during a period of almost 30 years since the molecular cloning of nAChR subunits in the early 1980's.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are neurotransmitter-gated ion channels containing five polypeptide subunits that are arranged around a central transmembrane pore [START_REF] Changeux | Nicotinic Acetylcholine Receptors from Molecular Biology to Cognition[END_REF]. As has been reviewed elsewhere, nAChRs have been implicated in several human neurological and psychiatric disorders [START_REF] Weiland | Neuronal nicotinic acetylcholine receptors: from the gene to the disease[END_REF][START_REF] Changeux | Nicotinic receptors, allosteric proteins and medicine[END_REF][START_REF] Steinlein | Neuronal nicotinic acetylcholine receptors: from the genetic analysis to neurological diseases[END_REF] and are also an important target site for insecticides [START_REF] Delpech | Ion channels: molecular targets of neuroactive insecticides[END_REF][START_REF] Millar | Nicotinic acetylcholine receptors: targets for commercially important insecticides[END_REF]. In both vertebrate and invertebrate species, nAChRs form a diverse family of receptors assembled from a wide range of subunit combinations [START_REF] Millar | Nicotinic acetylcholine receptors: targets for commercially important insecticides[END_REF][START_REF] Millar | Diversity of vertebrate nicotinic acetylcholine receptors[END_REF].

For example, 17 different nAChR subunits (α1-α10, β1-β4, γ, δ and ε) have been identified in higher vertebrate species and are known to assemble into a diverse family of receptors with distinct subunit compositions [START_REF] Millar | Diversity of vertebrate nicotinic acetylcholine receptors[END_REF]. Invertebrate species express a similarly diverse population of nAChRs, although less is know about their subunit composition [START_REF] Millar | Nicotinic acetylcholine receptors: targets for commercially important insecticides[END_REF][START_REF] Jones | The nicotinic acetylcholine receptor gene family of the nematode Caenorhabditis elegans: an update on nomenclature[END_REF].

Whilst studies conducted with endogenously expressed nAChRs continue to provide invaluable information, the impact of studies performed with heterologously expressed nAChRs has been enormous. As will be discussed in this review, such studies have led to dramatic advances in our understanding of the structural, pharmacological and biophysical properties of nAChRs. In addition, studies with recombinant nAChRs have had clear practical benefits, for example in the identification of a large number of subtype-selective small molecules (agonists, antagonists and allosteric potentiators), some of which have great potential as either research tools or as lead compounds in therapeutic drug discovery [START_REF] Arneric | Neuronal nicotinic receptors: a perspective on two decades of drug discovery research[END_REF].

A c c e p t e d M a n u s c r i p t 4 For many years, nAChRs were the best characterized of any neurotransmitter receptors.

To a large extent, this was due to the availability of a highly abundant source of the receptor: the electric organ of fish such as the freshwater eel Electrophorus (the 'electric eel') and the marine ray Torpedo (reviewed in [START_REF] Popot | Nicotinic receptor of acetylcholine: structure of an oligomeric integral membrane protein[END_REF]). As a consequence, the electric organ nAChR, was the first nAChR to be biochemically purified and the first to be cloned and expressed. The electric organ has also provided an excellent source of material for studies aimed at elucidating the structure of the nAChR. Over a period of several years, the three-dimensional structure of the electric organ nAChR has been revealed at increasingly high resolution (most recently at a resolution of 4Å) by electron microscopy [START_REF] Unwin | Refined structure of the nicotinic acetylcholine receptor at 4Å resolution[END_REF]. As a result of these studies, the nAChR remains one of relatively few transmembrane proteins for which high-resolution three-dimensional structural data is available.

In mammals and other higher vertebrates, nAChRs are expressed at the neuromuscular junction ('muscle-type' nAChRs) and also in the nervous system, for example in the brain and autonomic ganglia ('neuronal' nAChRs). In terms of subunit composition and pharmacological properties, the electric organ nAChR is most closely related to muscletype nAChR. Vertebrate muscle-type nAChRs have a subunit composition of either (α1)2β1γδ or (α1)2β1δε in fetal and adult muscle, respectively, whereas vertebrate neuronal nAChRs comprise a heterogeneous population of receptors of diverse subunit composition, assembled from α2-α10 and β2-β4 subunits [START_REF] Millar | Diversity of vertebrate nicotinic acetylcholine receptors[END_REF] (note; the α8 subunit has been identified in avian but not in mammalian species).

Early (pre-molecular cloning) expression studies

A c c e p t e d M a n u s c r i p t 5 Prior to the molecular cloning of nAChRs, functional reconstitution of the receptor was achieved by the introduction of purified electric organ nAChRs into both lipid vesicles [START_REF] Changeux | Reconstitution of a functional acetylcholine regulator under defined conditions[END_REF][START_REF] Wu | Carbamylcholine-induced rapid cation efflux from reconstituted membrane vesicles containing purified acetylcholine receptor[END_REF][START_REF] Huganir | Reconstitution of the purified acetylcholine receptor from Torpedo californica[END_REF] and planar lipid bilayers [START_REF] Nelson | Reconstitition of purified acetylcholine receptors with functional ion channels in planar lipid bilayers[END_REF][START_REF] Schindler | Functional acetylcholine receptor from Torpedo marmorata in planar membranes[END_REF]. Such techniques have been used subsequently to characterize nAChRs purified from a variety of sources including chick optic lobe [START_REF] Gotti | Purification and characterization of an α-bungarotoxin receptor that forms a functional nicotinic channel[END_REF][START_REF] Gotti | Pharmacology and biophysical properties of α7 and α7-α8 α-bungarotoxin receptor subtypes immunopurified from the chick optic lobe[END_REF], cerebellum [START_REF] Gotti | A functional αbungarotoxin receptor is present in chick cerebellum: purification and characterization[END_REF] and insect tissue [START_REF] Hanke | Channel properties of an insect neuronal acetylcholine receptor protein reconstituted in planar lipid bilayers[END_REF][START_REF] Hanke | Functional renaturation of receptor polypeptides eluted from SDS polyacrylamide gels[END_REF]. Other expression studies conducted prior to the molecular cloning of nAChRs have used mRNA purified from Torpedo electric organ. This has included in vitro translation, both in cell-free systems [START_REF] Mendez | Cell-free synthesis of acetylcholine receptor polypeptides[END_REF][START_REF] Sumikawa | Active multisubunit ACh receptor assembled by translation of heterologous mRNA in Xenopus oocytes[END_REF][START_REF] Anderson | In vitro synthesis, glycosylation, and membrane insertion of the four subunits of Torpedo acetylcholine receptor[END_REF] and in the presence of cell microsomes (to permit protein glycosylation) [START_REF] Anderson | In vitro synthesis, glycosylation, and membrane insertion of the four subunits of Torpedo acetylcholine receptor[END_REF]. In addition, mRNA purified from Torpedo electric organ has been expressed successfully by injection into Xenopus oocytes [START_REF] Sumikawa | Active multisubunit ACh receptor assembled by translation of heterologous mRNA in Xenopus oocytes[END_REF][START_REF] Barnard | Translation of exogenous messenger RNA coding for nicotinic acetylcholine receptors produces functional receptors in Xenopus oocytes[END_REF]. Importantly, these early oocyte expression studies provided evidence that injection of heterologous mRNA enabled the expression of functional nAChRs that could be activated by acetylcholine [START_REF] Barnard | Translation of exogenous messenger RNA coding for nicotinic acetylcholine receptors produces functional receptors in Xenopus oocytes[END_REF]. Subsequently, further studies have been conducted in oocytes using mRNA isolated from a variety of other species and tissues. These include studies with mRNA preparations isolated from vertebrate tissues [START_REF] Miledi | Properties of acetylcholine receptors translated by cat muscle mRNA in Xenopus oocytes[END_REF][START_REF] Methfessel | Patch clamp measurements on Xenopus leavis oocytes: currents through endogenous channels and implanted acetylcholine receptor and sodium channels[END_REF][START_REF] Miledi | Recording of single γ-aminobutyrate-and acetylcholine-activated receptor channels translated by exogenous mRNA in Xenopus oocytes[END_REF], cultured cell lines [START_REF] Grassi | The densensitization of embryonic mouse nuscle receptor depends on the cellular environment[END_REF] and from invertebrate species [START_REF] Breer | Synthesis of acetylcholine receptors in Xenopus oocytes induced by poly(A) + -mRNA from Locust nervous tissue[END_REF][START_REF] Breer | Messenger RNA from insect nervous tissue induces expression of neuronal acetylcholine receptors in Xenopus oocytes[END_REF][START_REF] Sattelle | Functional expression in Xenopus oocytes of invertebrate ligand-gated ion channels[END_REF][START_REF] Fleming | Acetylcholine and GABA receptors of Caenorhabditis elegans expressed in Xenopus oocytes[END_REF].

Another technique developed for expression of nAChRs in Xenopus oocytes, which does not require molecular cloning of the gene of interest, involves the transplantation of membranes from other cells or tissues. This has been applied successfully to membranes isolated from Torpedo electric organ [START_REF] Marsal | Incorporation of acetylcholine receptors and Clchannels in Xenopus oocytes injected with Torpedo electroplaque membranes[END_REF] and from cultured mammalian cells [START_REF] Palma | Microtransplantation of membranes from cultured cells to Xenopus oocytes: a method to study neurotransmitter receptors embedded in native lipids[END_REF].

Molecular cloning of nAChRs

Over a two-year period in the early 1980's (1982)(1983), several papers were published that described the isolation of cDNAs encoding the four subunits of the Torpedo electric A c c e p t e d M a n u s c r i p t 6 organ nAChR (the α [START_REF] Giraudat | Identification of a cDNA clone coding for the acetylcholine binding subunit of Torpedo marmorata acetylcholine receptor[END_REF][START_REF] Noda | Primary structure of α-subunit precursor of Torpedo californica acetylcholine receptor deduced from cDNA sequence[END_REF][START_REF] Sumikawa | The molecular cloning and characterisation of cDNA coding for the α subunit of the acetylcholine receptor[END_REF], β [START_REF] Noda | Primary structures of β-and δ-subunit precursors of Torpedo californica acetylcholine receptor deduced from cDNA sequences[END_REF], γ [START_REF] Ballivet | Molecular cloning of cDNA coding for the γ subunit of Torpedo acetylcholine receptor[END_REF][START_REF] Noda | Stuctural homology of Torpedo californica acetylcholine receptor subunits[END_REF] and δ [39] subunits). Following the cloning of Torpedo nAChRs, nAChR subunit cDNAs have been cloned from numerous other species, including the vertebrate muscle-type nAChR subunits (α1, β1, γ, δ and ε) [START_REF] Noda | Cloning and sequence analysis of calf cDNA and human genomic DNA encoding α-subunit precursor of muscle acetylcholine receptor[END_REF][START_REF] Lapolla | Isolation and characterization of a cDNA clone for the complete protein coding region of the δ subunit of the mouse acetylcholine receptor[END_REF][START_REF] Nef | Structure, linkage and sequence of the two genes encoding the δ and γ subunits of the nicotinic acetylcholine receptor[END_REF][START_REF] Takai | Primary structure of γ subunit precursor of calf-muscle acetylcholine receptor deduced from the cDNA sequence[END_REF][START_REF] Tanabe | Primary structure of β subunit precursor of calf muscle acetylcholine receptor deduced from cDNA sequence[END_REF][START_REF] Takai | Cloning, sequencing and expression of cDNA for a novel subunit of acetylcholine receptor from calf muscle[END_REF] and the vertebrate neuronal subunits (α2-α10 and β2-β4) [START_REF] Boulter | Isolation of a cDNA clone coding for a possible neural nicotinic acetylcholine receptor αsubunit[END_REF][START_REF] Goldman | Members of a nicotinic acetylcholine receptor gene family are expressed in different regions of the mammalian central nervous system[END_REF][START_REF] Deneris | Primary structure and expression of β2: a novel subunit of neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Wada | Functional expression of a new pharmacological subtype of brain nicotinic acetylcholine receptor[END_REF][START_REF] Deneris | β3: a new member of nicotinic acetylcholine receptor gene family is expressed in brain[END_REF][START_REF] Boulter | α3, α5, and β4: three members of the rat neuronal nicotinic acetylcholine receptor-related gene family form a gene cluster[END_REF][START_REF] Couturier | α5, α3, and non-α3. Three clustered avian genes encoding neuronal nicotinic acetylcholine receptor-related subunits[END_REF][START_REF] Couturier | A neuronal nicotinic acetylcholine receptor subunit (α7) is developmentally regulated and forms a homo-oligomeric channel blocked by α-BTX[END_REF][START_REF] Schoepfer | Brain α-bungarotoxin binding protein cDNAs and mAbs reveal subtypes of this branch of the ligandgated ion channel gene superfamily[END_REF][START_REF] Elgoyhen | α9: an acetylcholine receptor with novel pharmacological properties expressed in rat cochlear hair cells[END_REF][START_REF] Elgoyhen | α10: a determinant of nicotinic cholinergic receptor function in mammalian vestibular and cochlear mechanosensory hair cells[END_REF]. In addition, nAChRs have been cloned from numerous invertebrate species [START_REF] Millar | Nicotinic acetylcholine receptors: targets for commercially important insecticides[END_REF][START_REF] Millar | Assembly and subunit diversity of nicotinic acetylcholine receptors[END_REF][START_REF] Jones | Functional genomics of the nicotinic acetylcholine receptor gene family of the nematode Caenorhabditis elegans[END_REF][START_REF] Jones | Insect nicotinic acetylcholine receptor gene families: from genetic model organisms to vector, pest and beneficial species[END_REF]. For example, ten nAChR subunits (Dα1-Dα7 and Dβ1-Dβ3) have been cloned from the model insect species Drosophila melanogaster [START_REF] Lansdell | Cloning and heterologous expression of Dα4, a Drosophila neuronal nicotinic acetylcholine receptor subunit: identification of an alternative exon influencing the efficiency of subunit assembly[END_REF][START_REF] Lansdell | Dβ3, an atypical nicotinic acetylcholine receptor subunit from Drosophila: molecular cloning, heterologous expression and coassembly[END_REF][START_REF] Grauso | Novel putative nicotinic acetylcholine receptor subunit genes, Dα5, Dα6 and Dα7, in Drosophila melanogaster identify a new and highly conserved target of adenosine deaminase acting on RNA-mediated A-to-I pre-mRNA editing[END_REF][START_REF] Schulz | Dα3, a new functional a subunit of nicotinic acetylcholine receptors from Drosophila[END_REF][START_REF] Hermans-Borgmeyer | Primary structure of a developmentally regulated nicotinic acetylcholine receptor protein from Drosophila[END_REF][START_REF] Bossy | Conservation of neural nicotinic acetylcholine receptors from Drosophila to vertebrate central nervous systems[END_REF][START_REF] Sawruk | SBD, a novel structural subunit of the Drosophila nicotinic acetylcholine receptor, shares its genomic localization with two α-subunits[END_REF][START_REF] Sawruk | Heterogeneity of Drosophila nicotinic acetylcholine receptors: SAD, a novel developmentally regulated α-subunit[END_REF][START_REF] Baumann | Sequence of Dα2, a novel α-like subunit of Drosophila nicotinic acetylcholine receptors[END_REF]. In general there is relatively high conservation of amino acid sequence between nAChR subunits from different species. For example, some insect nAChR subunits share 30-45% amino acid sequence identity to their closest human homolog, whereas some other subunits have very much greater sequence diversity [START_REF] Jones | Diversity of insect nicotinic acetylcholine receptor subunits[END_REF].

Expression of recombinant nAChRs in vitro and in bacteria and yeast cells

In addition to in vitro translation studies using tissue-purified mRNAs, in vitro translation has also been used to express cRNAs encoding nAChR subunits, for example to examine subunit transmembrane topology [START_REF] Chavez | Expression of fusion proteins of the nicotinic acetylcholine receptor from mammalian muscle identifies the membrane-spanning regions in the α and δ subunits[END_REF]. Bacteria have also been used to express recombinant nAChR subunits, despite bacterial cells lacking the machinery for appropriate post-translational processing. Indeed, specific binding of nicotinic radioligands such as [ 125 I]-α-bungarotoxin has been reported with bacterial-expressed subunit proteins [START_REF] Couturier | A neuronal nicotinic acetylcholine receptor subunit (α7) is developmentally regulated and forms a homo-oligomeric channel blocked by α-BTX[END_REF][START_REF] Barkas | Mapping the main immunogenic region and toxin-binding site of the nicotinic acetylcholine receptor[END_REF][START_REF] Gershoni | Expression of the α-bungarotoxin binding site of the nicotinic acetylcholine receptor by Escherichia coli transformants[END_REF]. Yeast cells have also been used as an expression system for nAChRs and have been shown to produce subunit proteins with molecular weights similar to those of native nAChRs, suggesting that nAChR subunits expressed in yeast undergo glycosylation and signal-sequence cleavage [START_REF] Fujita | Biosynthesis of the Torpedo californica acetylcholine receptor α subunit in yeast[END_REF][START_REF] Jansen | Expression of the four subunits of the Torpedo californica nicotinic acetylcholine receptor in Saccharomyces cerevisiae[END_REF][START_REF] Yellen | Expression of Torpedo nicotinic acetylcholine receptor subunits in yeast is enhanced by use of yeast signal sequences[END_REF]. More recently, purification and crystallization of the N-terminal domain of the mouse nAChR α1 subunit expressed A c c e p t e d M a n u s c r i p t 7 in yeast has enabled its three-dimensional structure to be determined at atomic resolution [START_REF] Dellisanti | Crystal structure of the extracellular domain of nAChR α1 bound to α-bungarotoxin at 1.94Å resolution[END_REF].

Expression of recombinant nAChRs in Xenopus oocytes

Just as the Torpedo nAChR was the first neurotransmitter receptor to be expressed in Xenopus oocytes from tissue-purified mRNA (as discussed above), it was also the first recombinant neurotransmitter receptor to be expressed in oocytes. In 1984, the successful functional expression of a recombinant nAChR was reported, using cDNAs encoding the Torpedo α, β, γ and δ subunits [START_REF] Mishina | Expression of functional acetylcholine receptor from cloned cDNAs[END_REF]. This was achieved by a somewhat indirect route: cultured mammalian (COS) cells were first transfected with nAChR subunit cDNA constructs, after which the transcribed cRNAs were then isolated from COS cells and microinjected into Xenopus oocytes. In later studies, functional expression was achieved in Xenopus oocytes using cRNA that had been transcribed in vitro from nAChR subunit cDNAs, using purified RNA polymerase [START_REF] Mishina | Location of functional regions of acetylcholine receptor α-subunit by site-directed mutagenesis[END_REF]. In addition, a more direct approach of injecting cDNA directly into the oocyte nucleus has also been used successfully for the functional expression of nAChRs, first being used to characterize the neuronal α4β2 nAChR [START_REF] Ballivet | Electrophysiology of a chick neuronal nicotinic acetylcholine receptor expressed in Xenopus oocytes after cDNA injection[END_REF]. An approach that has been used extensively to increase expression levels of nAChRs (and of other recombinant proteins) in Xenopus oocytes is to replace the 5' untranslated region (UTR) of the cDNA/cRNA with the corresponding UTR of a gene such as Xenopus β-globin [START_REF] Liman | Subunit stoichiometry of a mammalian K + channel determined by construction of multimeric cDNAs[END_REF]. There is also evidence that the presence or absence of 5' UTRs can influence the stoichiometry of oocyte-expressed nAChRs such as α4β2 [START_REF] Briggs | Untranslated region-dependent exclusive expression of high-sensitivity subforms of α4β2 and α3β2 nicotinic acetylcholine receptors[END_REF]. Following these early studies, hetrologous expression in Xenopus oocytes is now used extensively to characterize recombinant nAChRs and has been used very productively α1β1δε [START_REF] Mishina | Molecular distinction between fetal and adult forms of muscle acetylcholine receptor[END_REF], α2β2 [START_REF] Deneris | Primary structure and expression of β2: a novel subunit of neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Wada | Functional expression of a new pharmacological subtype of brain nicotinic acetylcholine receptor[END_REF], α2β4 [START_REF] Duvoisin | The functional diversity of the neuronal nicotinic acetylcholine receptors is increased by a novel subunit: β4[END_REF], α3β2 [START_REF] Boulter | Functional expression of two neuronal nicotinic acetylcholine receptors from cDNA clones identifies a gene family[END_REF], α3β4 [START_REF] Duvoisin | The functional diversity of the neuronal nicotinic acetylcholine receptors is increased by a novel subunit: β4[END_REF], α4β2 [START_REF] Boulter | Functional expression of two neuronal nicotinic acetylcholine receptors from cDNA clones identifies a gene family[END_REF], α4β4 [START_REF] Duvoisin | The functional diversity of the neuronal nicotinic acetylcholine receptors is increased by a novel subunit: β4[END_REF], α6β4 [START_REF] Gerzanich | Orphan" α6 nicotinic AChR subunit can form a functional heteromeric acetylcholine receptor[END_REF], α7 [START_REF] Couturier | A neuronal nicotinic acetylcholine receptor subunit (α7) is developmentally regulated and forms a homo-oligomeric channel blocked by α-BTX[END_REF], α8 [START_REF] Gotti | Pharmacology and biophysical properties of α7 and α7-α8 α-bungarotoxin receptor subtypes immunopurified from the chick optic lobe[END_REF][START_REF] Gerzanich | Homomers of α8 and α7 subunits of nicotinic receptors exhibit similar channels but contrasting binding site properties[END_REF], α9 [START_REF] Elgoyhen | α9: an acetylcholine receptor with novel pharmacological properties expressed in rat cochlear hair cells[END_REF] (for a more extensive list of recombinant and native nAChR subtypes, see [START_REF] Millar | Diversity of vertebrate nicotinic acetylcholine receptors[END_REF]). In addition, Xenopus oocytes have been used successfully to examine nAChR subunits cloned from several invertebrate species, including the aphid Myzus persicae [START_REF] Sgard | Cloning and functional characterisation of two novel nicotinic acetylcholine receptor α subunits from the insect pest Myzus persicae[END_REF], the brown planthopper Nilaparvata lugens [START_REF] Liu | A nicotinic acetylcholine receptor mutation conferring target-site resistance to imidacloprid in Nilaparvata lugens (brown planthopper)[END_REF], the fruit fly Drosophila melanogaster [START_REF] Sawruk | Heterogeneity of Drosophila nicotinic acetylcholine receptors: SAD, a novel developmentally regulated α-subunit[END_REF][START_REF] Bertrand | Physiological properties of neuronal nicotinic receptors reconstituted from the vertebrate β2 subunit and Drosophila α subunits[END_REF], the locust Schistocerca gregaria [START_REF] Marshall | Sequence and functional expression of a single α subunit of an insect nicotinic acetylcholine receptor[END_REF] and the nematode Caenorhabditis elegans [START_REF] Squire | Molecular cloning and functional expression of a Caenorhabditis elegans nicotinic acetylcholine receptor subunit (acr-2)[END_REF][START_REF] Ballivet | Nicotinic acetylcholine receptors in the nematode Caenorhabditis elegans[END_REF]. Frustratingly, the heterologous expression of invertebrate nAChRs has proved to be extremely difficult [START_REF] Millar | Assembly and subunit diversity of nicotinic acetylcholine receptors[END_REF][START_REF] Millar | Heterologous expression of mammalian and insect neuronal nicotinic acetylcholine receptors in cultured cell lines[END_REF] and, in several instances, this has often been achieved only by co-expression with vertebrate nAChR subunits [START_REF] Schulz | Dα3, a new functional a subunit of nicotinic acetylcholine receptors from Drosophila[END_REF][START_REF] Bertrand | Physiological properties of neuronal nicotinic receptors reconstituted from the vertebrate β2 subunit and Drosophila α subunits[END_REF][START_REF] Lansdell | Temperature-sensitive expression of Drosophila neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Liu | A nicotinic acetylcholine receptor mutation (Y151S) causes reduced agonist potency to a range of neonicotinoid insecticides[END_REF]. More recently, expression studies in Xenopus oocytes have identified a family of anion-selective nAChRs, cloned from both the nematode Caenorhabditis elegans [START_REF] Putrenko | A family of acetylcholine-gated chloride channel subunits in Caenorhabditis elegans[END_REF] and the mollusc Lymnaea stagnalis [START_REF] Van Nierop | Identification of molluscan nicotinic acetylcholine receptor (nAChR) subunits involved in formation of cation-and anion-selective nAChRs[END_REF][START_REF] Van Nierop | Identification and functional expression of a family of nicotinic acetylcholine receptor subunits in the central nervous system of the mollusc Lymnaea stagnalis[END_REF].

Although there is evidence to suggest that, in some cases, ion channel properties of nAChRs expressed in oocytes may differ from those of expressed in mammalian cells [START_REF] Grassi | The densensitization of embryonic mouse nuscle receptor depends on the cellular environment[END_REF][START_REF] Sivilotti | Recombinant nicotinic receptors, expressed in Xenopus oocytes, do not resemble native rat symplathetic ganglion receptors in single-channel behaviour[END_REF][START_REF] Lewis | The ion channel properties of a rat recombinant neuronal nicotinic receptor are dependent on the host cell type[END_REF], Xenopus oocytes have proved to be an extremely useful tool for the heterologous expression of nAChRs. In addition, despite oocyte expression being a single-cell technique, methods have been developed in recent years to permit higherthroughput screening of ion channels, such as the nAChRs, expressed in Xenopus oocytes. This has been possible due to the development of automated systems for both oocyte injection and for electrophysiological recording [START_REF] Hogg | An automated system for intracellular and intranuclear injection[END_REF][START_REF] Papke | High throughput electrophysiology with Xenopus oocytes[END_REF]. [START_REF] Mishina | Expression of functional acetylcholine receptor from cloned cDNAs[END_REF], it was not until 1987 that successful functional expression of nAChRs was achieved in a cultured mammalian cell line [START_REF] Claudio | Genetic reconstitution of functional acetylcholine receptor channels in mouse fibroblasts[END_REF]. As with the early expression studies in Xenopus oocytes, the first functional expression of a nAChR a cultured cell line was of the electric organ nAChR from Torpedo [START_REF] Claudio | Genetic reconstitution of functional acetylcholine receptor channels in mouse fibroblasts[END_REF]. However, following on from this success, there have been numerous heterologous expression studies in cultured cell lines with vertebrate muscle and neuronal nAChR subunit combinations, for example α1β1γδ [START_REF] Forsayeth | Expression of functional mouse muscle acetylcholine receptors in Chinese hamster ovary cells[END_REF][START_REF] Gu | Properties of embryonic and adult muscle acetylcholine receptors transiently expressed in COS cells[END_REF], α1β1δε [START_REF] Gu | Properties of embryonic and adult muscle acetylcholine receptors transiently expressed in COS cells[END_REF], α2β2 [START_REF] Rogers | Identification of cultured cells expressing ligand-gated cationic channels[END_REF], α3β2 [START_REF] Ragozzino | Functional properties of neuronal nicotinic acetylcholine receptor channels expressed in transfected human cells[END_REF],

Expression of recombinant nAChRs in cultured cell lines

α3β4 [START_REF] Wong | Pharmacological and physiological properties of a putative ganglionic nicotinic receptor α3β4, expressed in transfected eucaryotic cells[END_REF], α4β2 [START_REF] Whiting | Structural and pharmacological characterization of the major brain nicotinic acetylcholine receptor subtype stably expressed in mouse fibroblasts[END_REF], α4β4 [START_REF] Ragozzino | Functional properties of neuronal nicotinic acetylcholine receptor channels expressed in transfected human cells[END_REF], α6β2 [START_REF] Fucile | The neuronal α6 subunit forms functional heteromeric acetylcholine receptors in human transfected cells[END_REF], α6β4 [START_REF] Fucile | The neuronal α6 subunit forms functional heteromeric acetylcholine receptors in human transfected cells[END_REF], α7 [START_REF] Gopalakrishnan | Stable expression and pharmacological properties of the human α7 nicotinic acetylcholine receptor[END_REF], α8 [START_REF] Ragozzino | Functional properties of neuronal nicotinic acetylcholine receptor channels expressed in transfected human cells[END_REF] (for a more extensive list of recombinant and native nAChR subtypes, see [START_REF] Millar | Diversity of vertebrate nicotinic acetylcholine receptors[END_REF]). In many cases these studies have relied upon expression of nAChR subunits cloned downstream from consititutive viral promoters but several inducible promoters have also been used successfully for the expression of nAChRs, including those induced with sodium butyrate [START_REF] Claudio | Genetic reconstitution of functional acetylcholine receptor channels in mouse fibroblasts[END_REF], dexamethasone [START_REF] Whiting | Structural and pharmacological characterization of the major brain nicotinic acetylcholine receptor subtype stably expressed in mouse fibroblasts[END_REF], tetracycline [START_REF] Peng | Inducible, heterologous expression of human α7-nicotinic acetylcholine receptors in a native nicotinic receptor-null human clonal line[END_REF] and heavy metals [START_REF] Lansdell | Temperature-sensitive expression of Drosophila neuronal nicotinic acetylcholine receptors[END_REF].

Interestingly, the functional expression of Torpedo nAChRs in mammalian cells requires incubation of the transfected cells at temperatures lower than 37°C (e.g. 20-28°C) [START_REF] Claudio | Genetic reconstitution of functional acetylcholine receptor channels in mouse fibroblasts[END_REF][START_REF] Paulson | Temperature-sensitive expression of all-Torpedo and Torpedo-rat hybrid AChR in mammalian muscle cells[END_REF]. The shift to a lower temperature is necessary to allow appropriate folding of Torpedo nAChR subunit proteins prior to receptor assembly [START_REF] Paulson | Temperature-sensitive expression of all-Torpedo and Torpedo-rat hybrid AChR in mammalian muscle cells[END_REF], presumably a consequence of nAChRs from species such as Torpedo being adapted to fold efficiently at temperatures lower than 37°C. Similarly, insect nAChR subunits, when expressed in mammalian cell lines, also require incubation at a temperature lower than 37°C for efficient subunit folding and assembly [START_REF] Lansdell | Temperature-sensitive expression of Drosophila neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Lansdell | Molecular characterisation of Dα6 and Dα7 nicotinic acetylcholine receptor subunits from Drosophila: formation of a high-affinity α-bungarotoxin binding site revealed by expression of subunit chimeras[END_REF][START_REF] Lansdell | Host-cell specific effects of the nicotinic acetylcholine receptor chaperone RIC-3 revealed by a comparison of human and Drosophila RIC-3 homologues[END_REF]. To an extent, these problems with insect nAChRs can be avoided by expression in insect cell lines [START_REF] Lansdell | Cloning and heterologous expression of Dα4, a Drosophila neuronal nicotinic acetylcholine receptor subunit: identification of an alternative exon influencing the efficiency of subunit assembly[END_REF][START_REF] Lansdell | Temperature-sensitive expression of Drosophila neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Lansdell | Molecular characterisation of Dα6 and Dα7 nicotinic acetylcholine receptor subunits from Drosophila: formation of a high-affinity α-bungarotoxin binding site revealed by expression of subunit chimeras[END_REF][START_REF] Lansdell | The influence of nicotinic receptor subunit composition upon agonist, α-bungarotoxin and insecticide (imidacloprid) binding affinity[END_REF], which are typically maintained at 20-25°C (although difficulties remain with the expression of A c c e p t e d M a n u s c r i p t 10 some invertebrate nAChRs, as will be discussed in more detail below). In addition, although mammalian nAChRs generally fold efficiently in cells maintained at 37°C (as would be expected), there have been reports of enhanced levels of folding, assembly and functional expression of mammalian nAChRs in cells cultured at temperatures lower than 37°C [START_REF] Cooper | Upregulation of cell-surface α4β2 neuronal nicotinic receptors by lower temperature and expression of chimeric subunits[END_REF][START_REF] Nelson | Fuctional properties of human AChRs expressed by IMR-32 neuroblastoma cells resemble those of α3β4 AChRs expressed in permanently transfected HEK cells[END_REF][START_REF] Schroeder | Regulation by cycloheximide and lowered temperature of cell-surface α7-nicotinic acetylcholine receptor expression on transfected SH-EP1 cells[END_REF].

More recently, the availability of cell lines expressing recombinant nAChRs, combined with the use of calcium-sensitive fluorescent dyes, has enabled the development of highthroughput screening assays that are now widely used in drug discovery applications [START_REF] Stauderman | Characterization of human recombiant neuronal nicotinic acetylcholine receptor subunit combinations α2β4, α3β4 and α4β4 stably expressed in HEK293 cells[END_REF][START_REF] Kuntzweiler | Rapid assessment of ligand actions with nicotinic acetylcholine receptors using calcium dynamics and FLIPR[END_REF][START_REF] Dunlop | In vitro screening strategies for nicotinic receptor ligands[END_REF].

Expression of recombinant nAChRs in whole animal models

In addition to studies conducted in expression systems such as cultured cells and the Xenopus oocytes (discussed above), a variety of techniques have been developed that enable recombinant nAChRs to be examined in whole animal models. In addition to studies in mice (which will be discussed in more detail below), expression studies have also been conducted in invertebrate animal models such as Caenorhabditis elegans [START_REF] Treinin | A mutated acetylcholine receptor subunit causes neuronal degeneration in C. elegans[END_REF][START_REF] Treinin | Two functionally dependent acetylcholine subunits are encoded in a single Caenorhabditis elegans operon[END_REF] and Drosophila melanogaster [START_REF] Fayyazuddin | Genetic analysis of a novel acetylcholine receptor subunit from Drosophila[END_REF], for example to examine receptor distribution [START_REF] Treinin | A mutated acetylcholine receptor subunit causes neuronal degeneration in C. elegans[END_REF][START_REF] Treinin | Two functionally dependent acetylcholine subunits are encoded in a single Caenorhabditis elegans operon[END_REF] or to rescue mutant receptor phenotypes [START_REF] Fayyazuddin | Genetic analysis of a novel acetylcholine receptor subunit from Drosophila[END_REF].

In addition to the construction of knockout mice in which the expression of individual nAChR subunits has been disrupted (reviewed in [START_REF] Drago | Neuronal nicotinic receptors: insights gained from gene knockout and knockin mutant mice[END_REF][START_REF] Champtiaux | Knockout and knockin mice to investigate the role of nicotinic receptors in the central nervous system[END_REF]), several studies have exploited transgenic knockin techniques as a means to studying the expression of recombinant nAChRs in a whole animal model. Several nAChR gain-of-function and disease-associated mutations have been examined by knockin approaches in mice.

A c c e p t e d

M a n u s c r i p t 11 Knockin mouse models that contain a gain-of-function mutation in the 9' position of the M2 domain include those for nAChR subunits α4 [START_REF] Labarca | Point mutant mice with hypersensitive α4 nicotinic receptors show dopaminergic deficits and increased anxiety[END_REF][START_REF] Tapper | Nicotine activation of α4* receptors: sufficient for reward, tolerance, and sensitization[END_REF], α6 [START_REF] Drenan | In vivo activation of midbrain dopamine neurons via sensitized, high-affinity α6* nicotinic acetylcholine receptors[END_REF], α7 [START_REF] Orr-Urtreger | Mice homozygous for the L250T mutation in the α7 nicotinic acetylcholine receptor show increased neuronal apoptosis and die within 1 day of birth[END_REF] and α9 [START_REF] Taranda | A point mutation in the hair cell nicotinic cholinergic receptor prolongs cochlear inhibition and enhances noise protection[END_REF]. Transgenic approaches have also been used to study mutations associated with congenital myasthenic syndromes (in the α1, δ and ε subunit) [START_REF] Gomez | Slowchannel transgenic mice: a model of postsynaptic organellar degeneration at the neuromuscular junction[END_REF][START_REF] Gomez | Active calcium accumulations underlies severe weakness in a panel of mice with slowchannel syndrome[END_REF] and mutations associated with nocturnal frontal lobe epilepsy (in the α4 subunit) [START_REF] Zhu | Rats harboring S284L Chrna4 mutation show attenuation of synaptic and extrasynaptic GABAergic transmission and exhibit nocturnal frontal lobe epilepsy phenotype[END_REF][START_REF] Klaassen | Seizures and enhanced cortical GABAergic inhibition in two mouse models of human autosomal dominant frontal lobe epilepsy[END_REF][START_REF] Teper | Nicotine-induced dystonic arousal complex in a mouse line harboring a human autosomaldominant nocturnal frontal lobe epilepsy mutation[END_REF]. A particularly powerful approach is the targeted re-expression of nAChR subunits in knockout mice by viral-based gene delivery [START_REF] Maskos | Emerging concepts: novel integration of in vivo approaches to localize the function of nicotinic receptors[END_REF], a technique that has been used successfully to examine neuronal nAChR α4 [START_REF] Pons | Crucial role of α4 and α6 nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine self administration[END_REF], α6 [START_REF] Pons | Crucial role of α4 and α6 nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine self administration[END_REF], α7 [START_REF] Ren | α7 Nicotinic receptor gene delivery into mouse hippocampal neurons leads to functional receptor expression, improved spatial memory-related performance, and tau hyperphosphorylation[END_REF], and β2 [START_REF] Maskos | Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors[END_REF] subunits.

The influence of subunit composition

The ability to control subunit composition in heterologous expression studies (by the selection of subunit cDNAs or cRNAs) has helped to establish the influence of subunit composition upon ligand-binding and functional properties of nAChRs. For example, early studies with muscle-type nAChRs containing either the γ or ε subunits helped to explain differences between the ion channel properties of receptors found in embryonic and adult muscle [START_REF] Mishina | Molecular distinction between fetal and adult forms of muscle acetylcholine receptor[END_REF]. Similar approaches with neuronal nAChRs have helped to demonstrate that both α and non-α subunits can influence ligand-binding and ion channel properties [START_REF] Papke | The role of the β4-subunit in determining the kinetic properties of rat neuronal nicotinic acetylcholine α3-receptors[END_REF][START_REF] Luetje | Both α-and β-subunits contribute to the agonist sensitivity of neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Fenster | Influence of subunit composition on desensitization of neuronal acetylcholine receptors at low concentrations of nicotine[END_REF].

Studies with hybrid nAChRs (i.e. recombinant receptors containing subunits coassembled from two or more different species) have helped to establish the contribution of individual subunits to receptor properties [START_REF] Paulson | Temperature-sensitive expression of all-Torpedo and Torpedo-rat hybrid AChR in mammalian muscle cells[END_REF][START_REF] White | Mouse-Torpedo hybrid acetylcholine receptors: functional homology does not equal sequence homology[END_REF][START_REF] Sakmann | Role of acetylcholine receptor subunits in gating of the channel[END_REF][START_REF] Yu | Single-channel properties of mouse-Torpedo acetylcholine receptor hybrids expressed in Xenopus oocytes[END_REF]. Hybrid nAChRs that contain both insect and vertebrate nAChR subunits have also been used extensively in an attempt to circumvent problems encountered with the inefficient heterologous A c c e p t e d M a n u s c r i p t 12 expression of insect nAChRs [START_REF] Millar | Assembly and subunit diversity of nicotinic acetylcholine receptors[END_REF][START_REF] Millar | Heterologous expression of mammalian and insect neuronal nicotinic acetylcholine receptors in cultured cell lines[END_REF]. This approach has been adopted for studies of nAChRs cloned from insect species, including the aphid Myzus persicae [START_REF] Huang | Molecular characterization and imidacloprid selectivity of nicotinic acetylcholine receptor subunits from the peach-potato aphid Myzus persicae[END_REF][START_REF] Huang | Cloning, heterologous expression and co-assembly of Mpβ1, a nicotinic acetylcholine receptor subunit from the aphid Myzus persicae[END_REF], the brown planthopper Nilaparvata lugens [START_REF] Liu | A nicotinic acetylcholine receptor mutation conferring target-site resistance to imidacloprid in Nilaparvata lugens (brown planthopper)[END_REF][START_REF] Liu | A nicotinic acetylcholine receptor mutation (Y151S) causes reduced agonist potency to a range of neonicotinoid insecticides[END_REF], the cat flea Ctenocephalides felis [START_REF] Bass | Molecular characterisation of nicotinic acetylcholine receptor subunits from the cat flea, Ctenocephalides felis (Siphonaptera: Pulicidae)[END_REF] and the fruit fly Drosophila melanogaster [START_REF] Bertrand | Physiological properties of neuronal nicotinic receptors reconstituted from the vertebrate β2 subunit and Drosophila α subunits[END_REF][START_REF] Lansdell | Temperature-sensitive expression of Drosophila neuronal nicotinic acetylcholine receptors[END_REF][START_REF] Lansdell | The influence of nicotinic receptor subunit composition upon agonist, α-bungarotoxin and insecticide (imidacloprid) binding affinity[END_REF][START_REF] Matsuda | Effects of the α subunit on imidacloprid sensitivity of recombinant nicotinic acetylcholine receptors[END_REF].

Expression studies with partial combinations of nAChR subunits (for example containing fewer than the four subunits required to form a fully-assembled pentameric (α1)2β1γδ muscle-type nAChR) have been used to investigate the influence of subunit composition upon pharmacological and functional expression [START_REF] Kurosaki | Functional properties of nicotinic acetylcholine receptor subunits expressed in various combinations[END_REF][START_REF] Kullberg | Multiple conductance classes of mouse nicotinic acetylcholine receptors expressed in Xenopus oocytes[END_REF][START_REF] Sine | γ-and δ-subunits regulate the affinity and the cooperativity of ligand binding to the acetylcholine receptor[END_REF][START_REF] Liu | Expression of subunit-omitted mouse nicotinic acetylcholine receptors in Xenopus laevis oocytes[END_REF][START_REF] Charnet | Structure of the γ-less nicotinic acetylcholine receptor: learning from omission[END_REF][START_REF] Francis | Muscle-type nicotinic acetylcholine receptor delta subunit determines sensitivity to noncompetitive inhibitors, while gamma subunit regulates divalent permeability[END_REF]. Similarly, studies conducted with partial subunit combinations have been used to investigate the order of nAChR subunit assembly and to identify possible assembly intermediates [START_REF] Blount | Native folding of an acetylcholine receptor alpha subunit expressed in the absence of other receptor subunits[END_REF][START_REF] Blount | Assembly intermediates of the mouse muscle nicotinic acetylcholine receptor in stably transfected fibroblasts[END_REF][START_REF] Gu | Assembly of the mammalian muscle acetylcholine receptor in transfected COS cells[END_REF][START_REF] Chavez | Subunit folding and αδ heterodimer formation in the assembly of the nicotinic acetylcholine receptor. A c c e p t e d M a n u s c r i p t 30 Comparison of the mouse and human alpha subunits[END_REF][START_REF] Saedi | Assembly of Torpedo acetylcholine receptors in Xenopus oocytes[END_REF]. In addition, altering subunit cDNA or cRNA ratios for the heterologous expression of neuronal nAChRs such as α4β2 has provided evidence that changes in subunit ratios can influence subunit stoichiometry [START_REF] Zwart | Four pharmacologically distinct subtypes of α4β2 nicotinic acetylcholine receptor expressed in Xenopus laevis oocytes[END_REF][START_REF] Nelson | Alternate stoichiometries of α4β2 nicotinic acetylcholine receptors[END_REF]. This has provided evidence indicating that receptors with alternative subunit stoichiometries, for example (α4)2(β2)3 and (α4)3(β2)2 nAChRs, can have significant differences in their agonist sensitivities.

Expression of nAChR subunit chimeras

A paper published in 1986 described a series of artificial subunit chimeras combining regions of the Torpedo and bovine δ subunits [START_REF] Imoto | Location of a δ-subunit region determining ion transport through the acetylcholine receptor channel[END_REF]. This study, which identified the importance of the M2 transmembrane domain in determining ion permeation, was the forerunner of many subsequent studies that have employed subunit chimeras to examine the properties of nAChRs. A selection of these studies is discussed below.
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Despite the successful functional expression of the nAChR α7 subunit in Xenopus oocytes [START_REF] Couturier | A neuronal nicotinic acetylcholine receptor subunit (α7) is developmentally regulated and forms a homo-oligomeric channel blocked by α-BTX[END_REF], considerable problems have been encountered in its efficient expression in some cultured cell lines (reviewed in [START_REF] Millar | Heterologous expression of mammalian and insect neuronal nicotinic acetylcholine receptors in cultured cell lines[END_REF]). An imaginative strategy to circumvent this problem has been the construction of an artificial chimera comprising the N-terminal domain of the α7 subunit fused to the transmembrane and C-terminal region of the 5-HT3A subunit [START_REF] Eiselé | Chimaeric nicotinic-serotonergic receptor combines distinct ligand binding and channel specificities[END_REF]. This α7/5-HT3A subunit chimera generates a functional ion channel in cultured cell lines that fail to express α7 efficiently [START_REF] Eiselé | Chimaeric nicotinic-serotonergic receptor combines distinct ligand binding and channel specificities[END_REF]. The construction of nAChR chimeras containing the C-terminal region of the 5-HT3A subunit has proved to be a powerful experimental technique and one that has been used subsequently with several other nAChR subunits including α1 [START_REF] Quiram | Identification of residues in the neuronal α7 acetylcholine receptor that confer selectivity for conotoxin ImI[END_REF], α4 [START_REF] Cooper | Upregulation of cell-surface α4β2 neuronal nicotinic receptors by lower temperature and expression of chimeric subunits[END_REF], α8 [START_REF] Cooper | Host cell-specific folding of the neuronal nicotinic receptor α8 subunit[END_REF] α9 [START_REF] Baker | Pharmacological properties of α9α10 nicotinic acetylcholine receptors revealed by heterologous expression of subunit chimeras[END_REF], α10 [START_REF] Baker | Pharmacological properties of α9α10 nicotinic acetylcholine receptors revealed by heterologous expression of subunit chimeras[END_REF] and β2 [START_REF] Cooper | Upregulation of cell-surface α4β2 neuronal nicotinic receptors by lower temperature and expression of chimeric subunits[END_REF], as well as with insect nAChR subunits [START_REF] Lansdell | Molecular characterisation of Dα6 and Dα7 nicotinic acetylcholine receptor subunits from Drosophila: formation of a high-affinity α-bungarotoxin binding site revealed by expression of subunit chimeras[END_REF]. Other studies have exploited chimeras containing domains from two different nAChR subunits to overcome inefficient functional expression of, for example, the α6 subunit [START_REF] Kuryatov | Human α6 AChR subtypes: subunit composition, assembly, and pharmacological responses[END_REF][START_REF] Evans | Expression and functional characterisation of a human chimeric nicotinic receptor with α6β4 properties[END_REF][START_REF] Papke | Extending the analysis of nicotinic receptor antagonists with the study of α6 nicotinic receptor subunit chimeras[END_REF].

Construction of a more extensive series of α7/5-HT3A subunit chimeras has helped to identify subunit domains that are responsible for influencing folding of the α7 subunit in non-neuronal cell lines [START_REF] Dineley | Amino acid determinants of α7 nicotinic acetylcholine receptor surface expression[END_REF][START_REF] Gee | Identification of domains influencing assembly and ion channel properties in α7 nicotinic receptor and 5-HT3 receptor subunit chimaeras[END_REF]. Subunit chimeras have also helped to identify domains that are important in the folding and assembly of muscle-type [START_REF] Chavez | Subunit folding and αδ heterodimer formation in the assembly of the nicotinic acetylcholine receptor. A c c e p t e d M a n u s c r i p t 30 Comparison of the mouse and human alpha subunits[END_REF][START_REF] Yu | Extracellular domains mediating ε subunit interactions of muscle acetylcholine receptor[END_REF][START_REF] Gu | Identification of two amino acid residues in the ε subunit that promote mammalian muscle acetylcholine receptor assembly in COS cells[END_REF][START_REF] Yu | Amino-and carboxyl-terminal domains specify the identity of the δ subunit in assembly of the mouse muscle nicotinic acetylcholine receptor[END_REF][START_REF] Yu | A sequence in the main cytoplasmic loop of the α subunit is required for assembly of mouse muscle nicotinic acetylcholine receptor[END_REF][START_REF] Eertmoed | Nicotinic receptor assembly requires multiple regions throughout the γ subunit[END_REF] and neuronal [START_REF] García-Guzmán | Role of two acetylcholine receptor subunit domains in homomer formation and intersubunit recognition, as revealed by α3 and α7 subunit chimeras[END_REF][START_REF] Vicente-Agulló | Acetylcholine receptor subunit homomer formation requires compatibility between amino acid residues of the M1 and M2 transmembrane segments[END_REF] nAChRs and to identify domains involved in receptor targeting and trafficking [START_REF] Williams | The long internal loop of the α3 subunit targets nAChRs to subdomains within individual synapses on neurones in vivo[END_REF][START_REF] Kracun | Influence of M3-M4 intracellular domain upon nicotinic acetylcholine receptor assembly targeting and function[END_REF][START_REF] Valor | Role of the large cytoplasmic loop of the α7 neuronal nicotinic acetylcholine receptor subunit in the receptor expression and function[END_REF][START_REF] Devillers-Thiéry | An in vitro study of the sub-cellular distribution of nicotinic receptors[END_REF]. Other studies involving the use of subunit chimeras have helped to investigate receptor properties such as agonist sensitivity [START_REF] Gross | Neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes: role of the α subunit in agonist sensitivity and desensitization[END_REF][START_REF] Figl | Regions of β4.β2 subunit chimeras that contribute to the agonist selectivity of neuronal nicotinic receptors[END_REF][START_REF] Luetje | Mapping of ligand binding sites of neuronal nicotinic acetylcholine receptors using chimeric α subunits[END_REF][START_REF] Hussy | Agonist and antagonist effects of nicotine on chick neuronal nicotinic receptors are defined by α and β subunits[END_REF][START_REF] Sine | Conserved tyrosines in the α subunit of the nicotinic acetylcholine receptor stabilize quaternary ammonium groups of agonists and antagonists[END_REF][START_REF] Rush | First and second transmembrane segments of α3, α4, β2, and β4 nicotinic acetylcholine receptor subunits influence the efficacy and potency of nicotine[END_REF][START_REF] Young | Species selectivity of a nicotinic acetylcholine receptor agonist is conferred by two adjacent extracellular β4 amino acids that are implicated in the coupling of binding to channel gating[END_REF][START_REF] Corringer | Identification of a new component of the agonist binding site of the nicotinic α7 homooligomeric receptor[END_REF],

antagonist sensitivity [START_REF] Luetje | Mapping of ligand binding sites of neuronal nicotinic acetylcholine receptors using chimeric α subunits[END_REF][START_REF] Sine | Conserved tyrosines in the α subunit of the nicotinic acetylcholine receptor stabilize quaternary ammonium groups of agonists and antagonists[END_REF][START_REF] Sine | Molecular dissection of subunit interfaces in the acetylcholine receptor: identification of residues that determine curare selectivity[END_REF][START_REF] Papke | The amino terminal half of the nicotinic β-subunit extracellular domain regulates the kinetics of inhibition by neuronal bungarotoxin[END_REF][START_REF] Fu | Competitive antagonists bridge the α-γ subunit interface of the acetylcholine receptor through quaternary ammonium-aromatic interactions[END_REF], modulation by allosteric modulators [START_REF] Young | Potentiation of α7 nicotinic acetylcholine receptors via an allosteric transmembrane site[END_REF][START_REF] Bertrand | Positive allosteric modulation of the α7 nicotinic acetylcholine receptor: ligand interactions with distinct binding sites and evidence for a prominent role of the M2-M3 segment[END_REF], desensitization [START_REF] Gross | Neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes: role of the α subunit in agonist sensitivity and desensitization[END_REF], inactivation [START_REF] Kuryatov | Acetylcholine receptor extracellular domain determines sensitivity to nicotine-induced inactivation[END_REF] and channel gating [START_REF] Campos-Caro | A single residue in the M2-M3 loop is a major determinant of coupling between binding and gating in neuronal nicotinic receptors[END_REF][START_REF] Campos-Caro | Role of the putative transmembrane segment M3 in gating of neuronal nicotinic receptors[END_REF][START_REF] Anand | Determinants of channel gating located in the N-terminal extracellular domain of nicotinic α7 receptor[END_REF].

A c c e p t e d M a n u s c r i p t 14 Fusion proteins, in which nAChR subunits are linked to proteins such as GFP (green fluorescent protein) have been useful in detecting recombinant subunits expressed in either cells or tissues [START_REF] Grailhe | Distinct subcellular targeting of fluorescent nicotinic α3β4 and serotoninergic 5-HT3A receptors in hippocampal neurons[END_REF][START_REF] Gensler | Assembly and clustering of acetylcholine receptors containing GFP-tagged ε or γ subunits[END_REF][START_REF] Palma | Some properties of human neuronal α7 nicotinic acetylcholine receptors fused to the green fluorescent protein[END_REF][START_REF] Fucile | The single-channel properties of human acetylcholine α7 receptors are altered by fusing α7 to the green fluorescent protein[END_REF]. In addition, by using fluorescence resonance energy transfer (FRET) methods it has been possible to examine assembly, trafficking and subunit stoichiometry of nAChRs in cultured neuronal cells [START_REF] Nashmi | Assembly of α4β2 nicotinic acetylcholine receptors assessed with functional fluorescently labeled subunits: effects of localization, trafficking, and nicotineinduced upregulation in clonal mammalian cells and in cultured midbrain neurons[END_REF][START_REF] Drenan | Subcellular trafficking, pentameric assembly and subunit stoichiometry of neuronal nicotinic acetylcholine receptors containing fluorescently labeled α6 and β3 subunits[END_REF]. Expression of nAChR subunits in which selected domains have been deleted is a further approach that has been used in a number of heterologous expression studies aimed at identifying regions involved in assembly [START_REF] Verrall | The N-terminal domains of acetylcholine receptor subunits contain recognition signals for the initial steps of receptor assembly[END_REF][START_REF] Sumikawa | The amino acid residues 1-128 in the  subunit of the nicotinic acetylcholine receptor contain assembly signals[END_REF][START_REF] Wang | Assembly of the nicotinic acetylcholine receptor: the first transmembrane domain of truncated α and δ subunits are required for heterodimer formation in vivo[END_REF], subunit topology [START_REF] Chavez | Expression of fusion proteins of the nicotinic acetylcholine receptor from mammalian muscle identifies the membrane-spanning regions in the α and δ subunits[END_REF] and cellsurface expression [START_REF] Wang | A transmembrane motif governs the surface trafficking of nicotinic acetylcholine receptors[END_REF][START_REF] Pons | Critical role of the C-terminal segment in the maturation and export to the cell surface of the homopentameric α7-5HT3A receptor[END_REF].

Expression of nAChRs altered by site-directed mutagenesis

In 1985, the use of site-directed mutagenesis combined with heterologous expression enabled the identification of regions and individual amino acids within the Torpedo α subunit that influence ligand binding and functional expression [START_REF] Mishina | Location of functional regions of acetylcholine receptor α-subunit by site-directed mutagenesis[END_REF]. This was the first of many hundreds of studies that have employed site-directed mutagenesis to characterize nAChRs. Other such early studies employing site-directed mutagenesis were aimed at identifying amino acids influencing ion channel properties [START_REF] Imoto | Rings of negatively charged amino acids determine the acetylcholine receptor channel conductance[END_REF][START_REF] Leonard | Evidence that the M2 membrane-spanning region lines the ion channel pore of the nicotinic receptor[END_REF]. It would be impractical to attempt to provide a comprehensive review of all mutagenesis studies conducted with nAChRs. Nevertheless, some examples are discussed below.

Mutations at the 9' position within the nAChR subunit M2 domain (such as the L247T mutation in the α7 subunit [START_REF] Revah | Mutations in the channel domain alter desensitization of a neuronal nicotinic receptor[END_REF]) have particularly dramatic effects. Mutations at this position in α7 alter receptor desensitization, rectification, agonist potency, and antagonist effects [START_REF] Revah | Mutations in the channel domain alter desensitization of a neuronal nicotinic receptor[END_REF][START_REF] Bertrand | Unconventional pharmacology of a neuronal nicotinic receptor mutated in the channel domain[END_REF][START_REF] Palma | THreonine-for-leucine mutation within domain M2 of the neuronal α7nicotinic receptor converts 5-hydroxytryptamine from antagonist to agonist[END_REF][START_REF] Bertrand | Paradoxical allosteric effects of competitive inhibitors on neuronal α7 nicotinic receptor mutants[END_REF][START_REF] Palma | Neuronal nicotinic threonine-for-leucine 247 α7 mutant receptors show different gating kinetics when activated by acetylcholine or by the noncompetitive agonist 5-hydroxytryptaine[END_REF]. Similarly complex effects have been reported for A c c e p t e d M a n u s c r i p t mutations at other positions within the M2 domain of α7 (for example, the 6' position [START_REF] Placzek | A single point mutation confers properties of the muscle-type nicotinic acetylcholine receptor to homomeric α7 receptors[END_REF][START_REF] Placzek | An α7 nicotinic acetylcholine receptor gain-of-function mutant that retains pharmacological fidelity[END_REF]).

An exhaustive list of nAChR amino acids examined by site-directed mutagenesis would be prohibitively long. Site-directed mutagenesis, in combination with heterologous expression, has however been used successfully to examine phenomena such as, subunit glycosylation [START_REF] Gehle | Site-directed mutagenesis of the conserved Nglycosylation site on the nicotinic acetylcholine receptor subunits[END_REF][START_REF] Kreienkamp | Glycosylation sites selectively interfere with α-toxin binding to the nicotinic acetylcholine receptor[END_REF][START_REF] Sugiyama | Anionic residues in the α-subunit of the nicotinic acetylcholine receptor contributing to subunit assembly and ligand binding[END_REF], the role of disulfide-linked cysteines [START_REF] Mishina | Location of functional regions of acetylcholine receptor α-subunit by site-directed mutagenesis[END_REF][START_REF] Sumikawa | Assembly of mutant subunits of the nicotinic acetylcholine receptor lacking the conserved disulfide loop structure[END_REF], cell surface receptor trafficking [START_REF] Wang | A transmembrane motif governs the surface trafficking of nicotinic acetylcholine receptors[END_REF][START_REF] Keller | Adjacent basic amino acid residues recognized by the COP I complex and ubiquitination govern endoplasmic reticulum to cell surface trafficking of the nicotinic acetylcholine receptor αsubunit[END_REF][START_REF] Ren | Structural determinants of α4β2 nicotinic acetylcholine receptor trafficking[END_REF], interactions with agonists and antagonists [START_REF] Czajkowski | Negatively charged amino acid residues in the nicotinic receptor δ subunit that contribute to the binding of acetylcholine[END_REF][START_REF] Martin | The contributions of aspartyl residues in the acetylcholine receptor γ and δ subunits to the binding of agonists and competitive antagonists[END_REF][START_REF] Pascual | Delimiting the binding site for quaternary ammonium lidocaine derivatives in the acetylcholine receptor channel[END_REF], modulation by zinc [START_REF] Hsiao | Determinants of zinc potentiation on the α4 subunit of neuronal nicotinic receptors[END_REF][START_REF] Moroni | Non-agonistbinding subunit interfaces confer distinct functional signatures to the alternate stoichiometries of the α4β2 nicotinic receptor: an α4-α4 interface is required for Zn 2+ potentiation[END_REF] and by other allosteric modulators [START_REF] Young | Potentiation of α7 nicotinic acetylcholine receptors via an allosteric transmembrane site[END_REF][START_REF] Bertrand | Positive allosteric modulation of the α7 nicotinic acetylcholine receptor: ligand interactions with distinct binding sites and evidence for a prominent role of the M2-M3 segment[END_REF], calcium permeability [START_REF] Bertrand | Mutations at two distinct sites within the channel domain M2 alter calcium permeability of neuronal α7 nicotinic receptor[END_REF] and channel gating [START_REF] Campos-Caro | A single residue in the M2-M3 loop is a major determinant of coupling between binding and gating in neuronal nicotinic receptors[END_REF][START_REF] Chen | Activation of recombinant mouse nicotinic acetylcholine receptors: mutations of α-subunit tyrosine 190 affect both binding and gating[END_REF][START_REF] Filatov | The role of conserved leucines in the M2 domain of the acetylcholine receptor in channel gating[END_REF][START_REF] Rovira | A residue in the middle of the M2-M3 loop of the β4 subunit specifically affects gating of neuronal nicotinic receptors[END_REF][START_REF] Criado | Mutations of a conserved lysine residue in the N-terminal domain of α7 nicotinic receptors affect gating and binding of nicotinic agonists[END_REF][START_REF] Grosman | Mapping the conformational wave of acetylcholine receptor channel gating[END_REF]. Analysis of mutated nAChRs has also provided insights into how subunit domains may move during receptor activation [START_REF] Grosman | Mapping the conformational wave of acetylcholine receptor channel gating[END_REF][START_REF] Cymes | Probing ion-channel pores one proton at a time[END_REF]. In addition, analysis of double mutations by mutant cycle analysis is a powerful approach by which to investigate protein interactions, such as those between nAChR subunits and peptide ligands (see, for example, [START_REF] Osaka | Pairwise electrostatic interactions between α-neurotoxins and γ, δ, and ε subunits of the nicotinic acetylcholine receptor[END_REF][START_REF] Quiram | Pairwise interactions between neuronal α7 acetylcholine receptors and α-conotoxin PnIB[END_REF]). Another dramatic example of the application of site-directed mutagenesis is illustrated by the ability to convert the α7 nAChR into an anion-selective channel [START_REF] Galzi | Mutations in the channel domain of a neuronal nicotinic receptor convert ion selectivity from cationic to anionic[END_REF][START_REF] Corringer | Mutational analysis of the charge selectivity filter of the α7 nicotinic acetylcholine receptor[END_REF]. Reporter mutations, introduced by site-directed mutagenesis, have been used to examine subunit stoichiometry of heteromeric nAChRs [START_REF] Cooper | Pentameric structure and subunit stoichiometry of a neuronal nicotinic acetylcholine receptor[END_REF][START_REF] Groot-Kormelink | A reporter mutation approach shows incorporation of the "orphan" subunit β3 into a functional nicotinic receptor[END_REF][START_REF] Boorman | Stoichiometry of human recombinant neuronal nicotinic receptors containing the β3 subunit expressed in Xenopus oocytes[END_REF][START_REF] Groot-Kormelink | Formation of functional α3β4α5 human neuronal nicotinic receptors in Xenopus oocytes: a reporter mutation approach[END_REF]. Heterologous expression studies have also helped to identify the consequences of naturally occurring nAChR mutations associated with human disorders such as congenital myasthenic syndrome and epilepsy (see, for example [START_REF] Weiland | Neuronal nicotinic acetylcholine receptors: from the gene to the disease[END_REF][START_REF] Steinlein | Neuronal nicotinic acetylcholine receptors: from the genetic analysis to neurological diseases[END_REF][START_REF] Vincent | Genes at the junction -candidates for congentital myasthenic sundromes[END_REF][START_REF] Engel | Congenital myasthenic syndromes: a diverse array of molecular targets[END_REF]).

Cysteine-scanning mutagenesis, combined with cysteine-reactive compounds, has been a powerful and extensively used technique to examine nAChRs [START_REF] Akabas | Acetylcholine receptor channel structure probed in cysteine-substitution mutants[END_REF][START_REF] Akabas | Identification of acetylcholine receptor channel-lining residues in the entire M2 segment of the α subunit[END_REF][START_REF] Akabas | Identification of acetylcholine receptor channel-lining residues in the M1 segment of the α-subunit[END_REF]. Another powerful experimental approach is the incorporation of unnatural amino acids into A c c e p t e d M a n u s c r i p t 16 recombinant nAChRs. This has been achieved by means of site-directed mutagenesis combined with nonsense codon suppression (i.e. modified tRNAs containing unnatural amino acids) [START_REF] Nowak | Nicotinic receptor binding site probed with unnatural amino acids incorporated in intact cells[END_REF]. This is an approach that has been used successfully to examine the role of amino acids located at the agonist binding site [START_REF] Nowak | Nicotinic receptor binding site probed with unnatural amino acids incorporated in intact cells[END_REF][START_REF] Kearney | Doseresponse relations for unnatural amino acids at the agonist binding site of the nicotinic acetylcholine receptor: tests with novel side chains and with selective agonists[END_REF] and within the ion channel pore [START_REF] Kearney | Determinants of nicotinic receptor gating in natural and unnatural side chain structures at the M2 9' position[END_REF].

Expression of nAChR subunit concatemers

Artificial subunit concatemers (containing two nAChR subunits fused into a single 'tandem' polypeptide) have been used to examine issues such as subunit stoichiometry [START_REF] Zhou | Human α4β2 acetylcholine receptors formed from linked subunits[END_REF][START_REF] Groot-Kormelink | Incomplete incorporation of tandem subunits in recombinant neuronal nicotinic receptors[END_REF][START_REF] Tapia | Ca 2+ permeability of the (α4)3(β2)2 stoichiometry greatly exceeds that of (α4)2(β2)3 human acetylcholine receptors[END_REF], although there have been reports that, in some cases, their incorporation into assembled nAChRs may not always occur as might be expected [START_REF] Groot-Kormelink | Incomplete incorporation of tandem subunits in recombinant neuronal nicotinic receptors[END_REF][START_REF] Ericksen | Tandem couture: Cys-loop receptor concatamer insights and caveats[END_REF]. A more ambitious recent approach aimed at constraining subunit stoichiometry has been the generation of five-subunit concatemers [START_REF] Groot-Kormelink | Constraining the expression of nicotinic acetylcholine receptors by using pentameric constructs[END_REF][START_REF] Carbone | Pentameric concatenated (α4)2(β2)3 and (α4)3(β2)2 nicotinic acetylcholine receptors: subunit arrangement determines functional expression[END_REF]. Studies such as these have helped to confirm that differences in pharmacological properties (such as high and low agonist sensitivity, as discussed above) can be a consequence of alternative subunit stoichiometries, for example (α4)2(β2)3 and (α4)3(β2)2.

Nicotine-induced up-regulation examined with recombinant nAChRs

Chronic exposure to nicotine, as occurs during tobacco smoking causes an upregulation of nAChRs in the brain [START_REF] Marks | Time course study of the effects of chronic nicotine infusion on drug response and brain function[END_REF][START_REF] Schwartz | In vivo regulation of [ 3 H]acetylcholine recognition sites in brain by nicotinic cholinergic drugs[END_REF]. In addition to numerous studies conducted with native nAChRs, nicotine-induced upregulation has also been examined extensively in heterologous expression systems, including both Xenopus oocytes [START_REF] Peng | Nicotine-induced increase in neuronal nicotinic receptors results from a decrease in the rate of receptor turnover[END_REF][START_REF] Olale | Chronic nicotine exposure differentially affects the function of human α3, α4, and α7 neuronal nicotinic receptor subtypes[END_REF] and cultured cell lines [START_REF] Peng | Nicotine-induced increase in neuronal nicotinic receptors results from a decrease in the rate of receptor turnover[END_REF][START_REF] Bencherif | Mechanisms of up-regulation of neuronal nicotinic acetylcholine receptors in clonal cell lines and primary cultures of fetal rat brain[END_REF][START_REF] Peng | Chronic nicotine treatment up-regulates α3 and α7 acetylcholine receptor subtypes expressed by the human neuroblastoma cell line SH-SY5Y[END_REF][START_REF] Wang | Chronic nicotine treatment up-regulates human α3β2 but not α3β4 acetylcholine receptors stably transfected in human embryonic kidney cells[END_REF][START_REF] Harkness | Changes in conformation and subcellular distribution of α4β2 nicotinic acetylcholine receptors revealed by chronic nicotine treatment and expression of subunit chimeras[END_REF][START_REF] Buisson | Chronic exposure to nicotine upregulates the human α4β2 nicotinic acetylcholine receptor function[END_REF][START_REF] Gentry | Effects of prolonged nicotinic ligand exposure on function of heterologously expressed, human α4β2-and α4β4-nicotinic acetylcholine receptors[END_REF][START_REF] Vallejo | Chronic nicotine exposure upregulates nicotinic receptors by a novel mechanism[END_REF]. Such studies have helped to confirm that nicotineinduced upregulation is a post-transcriptional event and that it may occur by a mechanism consistent with nicotine acting as a molecular chaperone [START_REF] Kuryatov | Nicotine acts as a pharmacological chaperone to up-regulate human α4β2 acetylcholine receptors[END_REF].

A c c e p t e d M a n u s c r i p t

Co-expression with chaperones and interacting proteins

Studies in transfected cells have helped in characterizing the interaction of nAChRs with chaperone proteins such as BiP [START_REF] Blount | BIP associates with newly synthesized subunits of the mouse muscle nicotinic receptor[END_REF][START_REF] Forsayeth | BiP forms stable complexes with unassembled subunits of the acetylcholine receptor in transfected COS cells and in C2 muscle cells[END_REF] and calnexin [START_REF] Gelman | Role of the endoplasmic reticulum chaperone calnexin in subunit folding and assembly of nicotinic acetylcholine receptors[END_REF][START_REF] Keller | Involvement of the chaperone protein calnexin and the acetylcholine receptor β-subunit in the assembly and cell surface expression of the receptor[END_REF][START_REF] Chang | Calnexin-dependent enhancement of nicotinic acetylcholine receptor assembly and surface expression[END_REF]. Such studies have also helped to reveal the role of nAChR-interacting proteins such as 14-3-3 [START_REF] Jeanclos | The chaperone protein 14-3-3η interacts with the nicotinic acetylcholine receptor α4 subunit. Evidence for a dynamic role in subunit stabilization[END_REF][START_REF] Exley | Chaperone protein 14-3-3 and protein kinase A increase the relative abundance of low agonist sensitivity human α4β2 nicotinic acetylcholine receptors in Xenopus oocytes[END_REF] and VILIP-1 [START_REF] Lin | The calcium sensor protein visinin-like protein-1 modulates the surface expression and agonist-sensitivity of the α4β2 nicotinic acetylcholine receptor[END_REF] in regulating cell-surface expression of α4β2 nAChRs. Co-expression studies of muscle nAChRs with the cytoplasmic receptor-associated protein rapsyn (also referred to as '43K protein') have helped to establish the role of rapsyn in nAChR clustering by means of expression studies in both Xenopus oocytes [START_REF] Froehner | The postsynaptic 43K protein clusters muscle nicotinic acetylcholine receptors in Xenopus oocytes[END_REF] and in transfected cell lines [START_REF] Phillips | ACh receptorrich membrane domains organized in fibroblasts by recombinant 43-kilodalton protein[END_REF].

More recently, the role of an ER-resident transmembrane chaperone protein, RIC-3, has been examined and found to exert a dramatic effect on the maturation of several nAChRs (reviewed in [START_REF] Millar | RIC-3: a nicotinic acetylcholine receptor chaperone[END_REF]). RIC-3 was originally cloned from C. elegans [START_REF] Halevi | The C. elegans ric-3 gene is required for maturation of nicotinic acetylcholine receptors[END_REF] but has been cloned subsequently from both mammalian and insect species [START_REF] Halevi | Conservation within the RIC-3 gene family: effectors of mammalian nicotinic acetylcholine receptor expression[END_REF][START_REF] Lansdell | RIC-3 enhances functional expression of multiple nicotinic acetylcholine receptor subtypes in mammalian cells[END_REF]. Co-expression of RIC-3 in Xenopus oocytes or cultured cell lines results in enhanced levels of functional expression of several nAChRs subtypes [START_REF] Halevi | Conservation within the RIC-3 gene family: effectors of mammalian nicotinic acetylcholine receptor expression[END_REF][START_REF] Lansdell | RIC-3 enhances functional expression of multiple nicotinic acetylcholine receptor subtypes in mammalian cells[END_REF], but has a particularly profound effect on nAChRs such as α7. As has been discussed elsewhere [START_REF] Millar | Heterologous expression of mammalian and insect neuronal nicotinic acetylcholine receptors in cultured cell lines[END_REF][START_REF] Millar | RIC-3: a nicotinic acetylcholine receptor chaperone[END_REF], severe difficulties have been encountered in obtaining functional expression of recombinant α7 nAChRs in several cultured mammalian cell lines [START_REF] Chen | Contributions of N-linked glycosylation to the expression of a functional α7-nicotinic receptor in Xenopus oocytes[END_REF][START_REF] Azitiria | Expression of a neuronal nicotinic acetylcholine receptor in insect and mammalian host cell systems[END_REF][START_REF] Kassner | Differences in the fate of neuronal acetylcholine receptor protein expressed in neurons and stably transfected cells[END_REF][START_REF] Rangwala | Neuronal αbungarotoxin receptors differ structurally from other nicotinic acetylcholine receptors[END_REF][START_REF] Cooper | Host cell-specific folding and assembly of the neuronal nicotinic acetylcholine receptor α7 subunit[END_REF][START_REF] Sweileh | Multistep expression and assembly of neuronal nicotinic receptors is both host-cell-and receptor-subtype-dependent[END_REF]. Recent studies have revealed that coexpression of α7 with RIC-3 in such non-permissive cells facilitates appropriate folding and functional expression of α7 nAChRs [START_REF] Lansdell | RIC-3 enhances functional expression of multiple nicotinic acetylcholine receptor subtypes in mammalian cells[END_REF][START_REF] Castillo | Dual role of the RIC-3 protein in trafficking of serotonin and nicotinic acetylcholine receptors[END_REF][START_REF] Williams | Ric-3 promotes functional expression of the nicotinic acetylcholine receptor α7 subunit in mammalian cells[END_REF]. In addition, it has been reported that co-expression of α4β2 nAChRs with UNCL, a mammalian homologue of the C. elegans transmembrane protein UNC-50, results in increased nAChR functional expression [START_REF] Fitzgerald | UCNL, the mammalian homologue of UNC-50, is an inner nuclear membrane RNA-binding protein[END_REF], although it has been suggested that this may be due to an RNA-binding 

Conclusion

The aim of this review has been to give a brief overview of the variety of heterologous expression strategies that have been used to examine nAChRs. In addition, some examples of how these approaches have provided information concerning the structural and functional properties of nAChRs have been discussed. Clearly, an enormous amount has been achieved in the 30-years that have elapsed since the description in 1979 of the functional reconstitution of nAChRs in lipid vesicles. As a consequence, it is impractical for a short review such as this to provide a comprehensive account of all nAChR expression studies. The choice of examples selected for inclusion has, inevitably, been somewhat subjective as well as being subject to length constraints (300 references). Nevertheless, it is hoped that this review provides a useful summary of the huge amount that has been achieved by a large number of scientists over the past three decades. 

  of vertebrate nAChR subunits, including α1β1γδ[START_REF] Mishina | Molecular distinction between fetal and adult forms of muscle acetylcholine receptor[END_REF],

  A c c e p t e d M a n u s c r i p t 9 Although functional expression of recombinant nAChRs in Xenopus oocytes was first demonstrated in 1984
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  c c e p t e d M a n u s c r i p t activity rather than to a chaperone-like effect on the receptor protein. Interestingly, a recent study has demonstrated that successful functional expression in Xenopus oocytes of a levamisole-sensitive nAChR from C. elegans requires the co-expression of five different nAChR subunits, together with three different chaperone or enhancer proteins (RIC-3, UNC-50 and UNC-74) [300].

Figure 1

 1 Figure 1Nicotinic acetylcholine receptors structure and subunit topology.

Acknowledgements

I would like to thank all of those who have provided comments on this review prior to its publication. In recent years, research in the author's laboratory has been funded by the BBSRC, the MRC and the Welcome Trust. Additional research funding has been provided by Bayer CropScience, Bayer HealthCare, Eli Lilly and Syngenta.