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ABSTRACT 

  

Nicotinic acetylcholine receptors (nAChR) are neurotransmitter-gated ion 

channels that exist as a family of subtypes defined by unique subunit compositions.  

nAChR containing α6 subunits (α6*-nAChR) have attracted interest because α6 subunits 

are thought to be localized in brain regions implicated in reward, mood and drug 

dependence.  To provide new information necessary toward a more complete 

understanding of roles of α6*-nAChR in neuropsychiatric health and disease, three lines 

of investigation were pursued.  A set of stably transfected, human, immortalized cell lines 

were generated that heterologously express nAChR α6 subunits in combination with 

other nAChR subunits found in reward brain regions (nAChR subunit combinations 

α6β2, α6β4, α6β2β3, α6β4β3, α6β2β3α5, α6β4β3α5, α6α4β2β3 and α6α4β4β3).  The 

α6α4β2β3 combination may have a functional response to epibatidine that differs from 

that of the α4β2 nAChR.  A unique binding site was identified in cells transfected with 

the α6β4β3α5 nAChR subunit combination.  Messenger RNA fluorescence in situ 

hybridization (mRNA FISH) studies established regional and celluar distribution of 

nAChR α6 subunit mRNA in the mouse brain.  The third line of study extended this work 

to examine potential co-expression of nAChR α6 subunits and glutamic acid 

decarboxylase (GAD) or tyrosine hydroxylase (TH) as labels of GABAergic and 

dopaminergic/catecholaminergic neurons respectively, using tandem mRNA FISH and 

fluorescence immunohistochemistry.  nAChR α6 subunit signal in the substantia nigra 
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(SN) and ventral tegmental area (VTA) was congruent with previous studies.  Message 

was also detected in the amydala, dentate gyrus, striatum, zona incerta, and cingulate, 

entorhinal, perirhinal, piriform, and prelimbic cortices.  nAChR α6 mRNA was co-

expressed with GAD in the amygdala, dentate gyrus, striatum, SN, VTA and cingulate, 

entorhinal, prelimbic and prelimbic cortices.  TH was exclusively co-localized with 

nAChR α6 mRNA in the SN and VTA.  Findings suggest extended roles for α6*-nAChR 

in the brain, particularly in the control of GABAergic neuronal activity and/or GABA 

release.  These studies provide new insights into the composition of α6*-nAChR, the 

localization and cellular origins of nAChR α6 subunit expression.  Data collected suggest 

roles for α6*-nAChR in many brain regions, including those involved in higher order 

processes involved in drug dependence and reward, and in modulation of inhibitory 

neurotransmission.   
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I. GENERAL INTRODUCTION: OVERVIEW OF nAChR 

 

 

 

i. Structure and Function of Nicotinic Acetylcholine Receptors – 

Common Features and General Principles 

 
 Nicotinic acetylcholine receptors (nAChR) are prototypical ligand-gated ion 

channels (ionotropic neurotransmitter receptors).  They are the primary targets for the 

endogenous chemical signaling agent and neurotransmitter acetylcholine and the natural 

tobacco plant alkaloid, nicotine.  The first and most elaborately described nAChR is the 

muscle-type nAChR, which is expressed on the post-synaptic membrane of mammalian 

neuromuscular junction (Heidemann and Changeux, 1978).   A homologue of muscle-

type nAChR is found in the electric tissue of electric eels and rays, such as Torpedo 

californica, which expresses nAChR at levels one thousand-fold higher than levels of 

mammalian innervated muscle-type receptor.  The presence of these rich sources of 

muscle-type nAChR has greatly facilitated biochemical studies of purified receptor.  The 

electric organ nAChR is composed as a pentameric assembly of subunits.  Each subunit is 

encoded by an independent gene.  The electric fish nAChR consists of two copies of the 

α1 subunit, a β1 subunit, a δ subunit and a γ subunit [i.e., (α1)2β1δγ-nAChR, where the 

subscript indicates the presence of two copies of the α1 subunit].  Subsequent studies 
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reveal that this is the subunit composition of the embryonic or fetal form of the 

mammalian muscle-type nAChR.  A subunit switch occurs during innervation of muscle 

so that the adult form of mammalian muscle-type nAChR is composed of two copies of 

the α1 subunit plus β1, δ, and ε subunits [i.e., (α1)2β1δε-nAChR].  A physiologically-

relevant consequence is transformation of the receptor channels from fetal, low gain, 

long-lived chemical message sensors to adult, high gain, short-lived transducers of 

neurotransmitter signals at the functioning neuromuscular junction. 

  Each nAChR subunit contains an approximately 200 residue, N-terminal, 

extracellular domain (Krabben et al., 2004), four highly conserved hydrophobic 

transmembrane regions, a short intracellular loop between transmembrane segments one 

and two, a short extracellular loop between transmembrane segments two and three, a 

large and unique intracellular loop located between transmembrane segments three and 

four, and a short, extracellular, C-terminal tail.  Ligand binding occurs at the α-δ or α-γ 

interfaces of N-terminal, extracellular domains in muscle-type receptors.  Sequence 

segments comprising the ligand-binding domains contributed by α1 and δ (or γ) subunits 

are relatively conserved across species (Kao et al., 1986, Katju et al., 2001).   

Photoaffinity labeling studies done using Torpedo nAChR identified α1 subunit N-

terminal residues Y93 (single letter amino acid code; amino acid numbering originates at 

the translation initiation methionine; Y93 is contained in a segment called loop A), W149 

(in loop B), and Y190, C192, and C193 (loop C) and an unidentified residue(s) in the 

segment α1 31-105 make up the acetylcholine binding sites in the α subunits (Galzi et 
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al., 1990; Dennis et al., 1988; Corringer et al., 2000).  Two disulfide bonds, one linking 

C128 and C142, and the other linking the tandem residues C192 and C193, exist in the 

extracellular N-terminus of the nAChR alpha subunit.   The latter bond, which exists in 

the ligand-binding region, has been shown to be stabilized by agonist binding (Kao et al., 

1986).  Residues γW55 and δW 57 (loop D), γY111 and δR113 (loop E), and δD180 and 

γD174 (loop F), in the N-termini of muscle-type nAChR subunits are also associated with 

ligand binding or affinity (Corringer et al., 2000).   Transmembrane domain M2 of each 

subunit flanks the cation-permeable channel pore (Gage, 1998), while the large 

intracellular loop between transmembrane domains three and four (M3 and M4) serves as 

the “fingerprint” of nAChR subunits as it is the most heterologous region of the protein 

(Kuo et al., 2005).   

 The subunits assemble in the pentamer to create a centrally-located void, which 

serves as the ion channel per-se when it traverses the plasma membrane, and a 

“vestibule” in the extracellular space that may be involved in sequestering ions as well as 

in providing drug access to the ligand binding sites.  When “at rest,” the channel remains 

closed (Jensen et al., 2005).  Upon interaction with agonists, which are drugs defined by 

their ability to induce nAChR function, and include the natural neurotransmitter, 

acetylcholine, and the exogenous ligand, nicotine, the receptor complex undergoes a 

conformational change, that leads to opening of the channel.  Upon prolonged exposure 

to agonist, the channel will desensitize, or return to a closed state refractory to agonist-

induced channel opening.  This desensitization process also is thought to involve a further 
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change in nAChR conformation.  Desensitization is considered to be a fail-safe 

mechanism whereby channel opening is not persistently activated by the continued 

presence of agonists.  The desensitized state of nAChR has higher affinity for agonist 

than the resting states; this means that the activating ligand needs to be cleared from the 

synapse and receptor in order for the receptor to return to the resting state able again to 

interact with agonist to result in channel opening.  Antagonists are defined as drugs that 

prevent channel opening even in the presence of agonist – some antagonists occlude the 

agonist binding site via a competitive mechanism, whereas other act by clogging the 

channel or allosterically preventing its opening via non-competitive inhibition.   

In the presence of agonist, mammalian muscle contraction is initiated when 

cations traverse the open nAChR channel, leading to a local depolarization of the muscle 

cell membrane potential, called an endplate synaptic potential (EPSP).  If this localized 

depolarization is of sufficient magnitude, it leads to action potential initiation and 

propagation (via opening of voltage-gated sodium channels).  This electrical activity 

across the entire muscle cell fiber penetrates the cell to activate voltage-gated Ca2+ 

channels in the sarcoplasmic reticulum, resulting in the release of Ca2+ from those 

intracellular stores into the myoplasm, where Ca2+ serves as an essential cofactor for 

activation of the contractile apparatus (Sherwood, 2005).    
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ii. nAChR Subunit and Subtype Families 

 

Whereas the muscle-type nAChR is the prototype, nAChR exist as a large variety 

of homologous structures composed as combinations of subunits encoded by a family of 

distinct but related genes.  Currently cloned and studied nAChR subunits include α1-10, 

β1-4, γ, δ, and ε.  All α subunits are defined by the presence of the tandem cysteine 

residues in subunit extracellular domains whereas non-α subunits do not contain these 

residues.  As indicated above, α1, β1, δ and either γ or ε subunits occur only in either 

fetal and/or adult muscle-type receptors.  α2-7 and β2-4 subunits are expressed in the 

mammalian central nervous system (CNS), α8 subunits are found in chickens but not in 

mammals to date, and α9 and 10 subunits exist largely outside of the CNS (Jensen, 2005).  

There is evidence for expression of α3, α5, α7, β2 and β4, possibly along with β3 

subunits, in autonomic ganglia, and these in addition to α4 subunits seem to be found in 

sensory ganglia.  Many of these subunits also are found in other organ systems. 

Much of the current understanding about which nAChR subunits combine to 

make ligand binding and functional receptors comes from studies using heterologous 

expression, especially using Xenopus oocytes as hosts.  Heterologously expressed 

nAChR can exist as either homo- or hetero- pentamers.  Homomeric nAChR contain five 

identical copies of α7, α8, or 9 subunits [i.e., (α7)5-nAChR], whereas heteropentameric 

nAChR contain more than one nAChR subunit (Lukas et al., 1999).  For example, 
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heterologously expressed, functional or ligand binding heteropentamers can be composed 

as binary complexes of α2, α3, α4 or α6 subunits in combination with β2 or β4 subunits 

or of α9 and α10 subunits (Lukas and Bencherif, 2006; Chavez-Noriega et al., 1997).  α5 

and β3 subunits do not seem to be able to form functional nAChR alone or in 

combination with any other subunit, but they can integrate into some binary complexes to 

form ternary complexes with different properties (Lukas and Bencherif, Ch 2, Biological 

and Biophysical Aspect of Ligand-Gated Ion Channel Receptor Superfamilies, 2006).  

Evidence from heterologous expression studies also shows that there can be complexes 

containing more than one of the α5 and β3 subunits, β2 and β4 subunits or α3, α4 and α6 

subunits, making it possible to have quaternary complexes like that seen for muscle-type 

nAChR and possibly even quinary complexes containing one copy each of five different 

subunits (Lukas and Bencherif, 2006).    

The very first studies of native nAChR existence and distribution in the nervous 

system relied on radioligand binding assays and the ability of agents such as snake 

curaremimetic neurotoxins and acetylcholine or nicotine themselves to interact with a 

wide variety of nAChR subtypes.  The ligand binding regions of non-muscle-type 

nAChR are homologous to those of muscle-type nAChR; they are located at α-α or α-β 

subunit interfaces.  However, because these interfaces as well as channel lining domains 

and amino acid sequences that link the two are unique across nAChR subunits, different 

nAChR subtypes made from different subunit combinations have unique ligand binding 

profiles and channel properties.  The distinctive ligand binding profiles allowed for 
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discrimination, for example, of α-bungarotoxin-binding α7-nAChR from high-affinity 

nicotine-binding α4β2-nAChR in rodent brain.  The diversity in nAChR ligand binding 

and channel properties allows a single receptor system to have a wide range of functional 

roles as well as ways to specifically target a given nAChR subtype with the appropriate 

agents.     

Moving beyond radioligand binding assays, which provide only limited insight 

into the subunit makeup of targeted nAChR subtypes, in situ hybridization studies and 

identification/quantitation of subunit messages in dissected brain regions provide some 

clues as to possible subunits involved in assembly of nAChR.  Several studies have used 

immunochemistry to detect natural expression and coexpression of nAChR subunits in 

cell membranes and cultured cells (Gotti et al., 2006).  For example, western blot analysis 

reveals neuronal nAChR subunit expression and identifies assembly partners of other 

subunits isolated by immunoprecipitation, and immunocytochemistry or 

immunohistochemistry reveals subunit expression and identifies the cells involved in that 

expression.  These kinds of studies can reveal the natural existence of pentamers 

containing three or more subunits.    

Limitations of current research approaches and associated reagents complicate 

execution and interpretation of studies to define nAChR assembly partners from subunit 

expression experiments.  Ideally, nAChR distribution would be assessed at the protein 

level, and much has been published in this arena.  However, immunodetection data 

should be carefully interpreted as the degree of specificity of antibodies created to 
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identify individual nAChR subunits may be imperfect (Gotti et al., 2006; Jones and 

Wonnacott, 2005).    

To accommodate uncertainty for now about subunit compositions and 

stoichiometries for naturally-expressed nAChR, a nomenclature has been used that 

defines a specific nAChR subtype based on the known subunits that constitute it, but in 

cases where there are or may be additional subunits in the complex, an asterisk is used.  

Thus, whereas the notation “α4β2-nAChR” is used to identify nAChR known to contain 

both α4 and β2 but no other subunits, “α6*-nAChR” is used to identify nAChR that must 

contain α6 subunits but that may or must also contain additional subunits.     

 

iii. CNS Expression of nAChR 

 

Insights into the regional distribution of nAChR subunits and subtypes come from 

radioligand binding, immunostaining and immunoprecipitation, western immunoblot, and 

mRNA localization studies.  Although nAChR are expressed in many rodent brain 

regions, distribution of CNS nAChR subunits is quite variable.  The α4 and β2 subunits 

are most commonly expressed, while others, including the α6 subunit, are thought to be 

more localized (Jensen et al., 2005).  

In the mammalian CNS, for example, nAChR α3 and β4 subunits are expressed in 

the dorsal habenula and interpeduncular nucleus (Jensen et al., 2005).  While α3 and β4 

subunits are often coexpressed, α3 is expressed in thalamic regions where little or no β4 
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is expressed (Jensen et al., 2005).  In monkeys and rodents, the highest expression of α3 

and β4 subunit mRNA can be found in the medial habenula and the pineal gland, while 

decreased expression is detected in the hippocampus (Duvoisin et al., 1989; Dineley-

Miller & Patrick, 1992; Zoli et al., 1995; Le Novere et al., 1996; and Han et al., 2000).  

β4 subunit expression has also been shown in rat cortex, striatum, cerebellum, and 

medulla oblongata (Forsayeth and Kobrin, 1997).   

The α5 subunit is found in autonomic ganglia; its expression has also been 

reported in rat dopaminergic regions, some thalamic nuclei, and hippocampus (Azam et 

al., 2002; Boulter et al., 1990; Wada et al., 1990).   

Limited studies describing α2 subunit expression have found restricted CNS 

localization in the interpeduncular nucleus where α2β4-nAChR are thought to form 

(Wada et al., 1989; Picciotto et al., 2001).  In the macaca mulatta, α2 subunit mRNA 

expression is reported in many additional brain regions including pineal gland 

hippocampus, red nucleus and substantia nigra, with particularly high expression in many 

thalamic nuclei (Han et al., 2000).  In the chick, α2 subunit mRNA seems to be localized 

in the lateral spiriform nucleus (Daubas et al., 1990) and in the habenula (Brussaard et al., 

1994).  Human α2 subunit mRNA expression may be more akin to that in the monkey, as 

α2 subunit mRNA has been detected in the human thalamus (Elliott et al., 1998).   

nAChR subunits that constitute α7-nAChR, which are characterized by α-

bungarotoxin affinity binding studies, are among those most widely expressed (Jensen et 

al., 2005, Gotti et al., 2006).  Rodents and monkeys express α7 subunit mRNA in 
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hippocampus, cortex, hypothalamus, and habenula (Seguela et al., 1993; Bina et al., 

1998; and Han et al., 2000).  Humans appear to express α7 subunits in additional areas 

including thalamic regions (Rubboli et al., 1994; Breese et al., 1997) and pineal gland 

(Stankov et al., 1993).  α7 subunit mRNA is also found in the VTA and cortex, as well as 

in the autonomic ganglia (Jensen et al., 2005).   

The α4 subunit also is highly expressed in the CNS; its transcripts are typically 

coexpressed with β2 subunit mRNA, which is only expressed without α4 subunits in the 

striatum, reticular thalamus, where β2 subunits are likely to form nAChR subtypes with 

α2 and α5 subunits, and pineal gland, where β2 subunits are likely to form nAChR 

subtypes with α2 and α3 subunits (Han et al., 2000).   Brain regions containing the 

highest concentration of α4β2-nAChR are thalamus, cortex and hippocampus (Wada et 

al., 1989; Sargent et al., 2000; Picciotto et al., 2001).  In rat cerebellum, β2 subunits 

appear to coassemble with both β3 and β4 subunits, and heterologous expression in COS 

cells is seen for α4β2β4-, α4β2β3β4-, α4β3β4-, α4β4- and α4β2-nAChR, which suggests 

several possible subunit combinations that may assemble in vivo (Forsayeth and Kobrin, 

1997).   

β3 subunit expression has been shown in rat cortex, striatum, hippocampus, 

cerebellum, and medulla oblongata, and reticular thalamic nucleus (Deneris et al., 1989; 

Le Novere et al., 1996; Forsayeth and Kobrin, 1997).  Other studies in rats and monkeys 

report β3 subunit mRNA expression only in the habenula, ventral tegmental area, and 

substantia nigra (Deneris et al., 1989; Le Novere et al., 1996; Han et al., 2000).   
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Studies describing α6 subunit distribution are discussed below.   

nAChR subunit expression in the CNS appears to transcend the neuron, as 

nAChR α4, α7, β2, and β3 subunits have been found in rat primary astrocyte cultures 

(Xiu et al., 2005).   

These data provide a great deal of insight as to the expression patterns of 

endogenous nAChR; however, caution is in order when making conclusions regarding 

nAChR subunit expression.  Incongruencies in nAChR mRNA expression data collected 

via in situ hybridization analysis can result from different probe generation strategies 

including the use of hydrolyzed mRNA vs. oligonucleotide probes.  Oligonucleotide 

probes tend to hybridize less specifically than hydrolyzed probes, and hydrolyzed probes 

are more prone to give false positive results (Gotti et al., 2006).  RNA for a given subunit 

will have different disposition than protein if the latter are trafficked to nerve terminals, 

as can occur for nAChR subunits.  Immunohistochemical studies provide additional 

insight as to nAChR subunit localization as well as whether nAChR subunit protein is 

expressed intracellularly or on the cell surface by visualizing bound antibodies using 

advanced techniques such as electron and confocal microscopy and by conducting studies 

using intact or permeabilized/sectioned cells.  Anti-nAChR subunit antibodies bound to 

cell-surface antigens indicate that the antigen (nAChR subunit) is part of a fully-

assembled nAChR (Ray et al., 2005; Emmet et al., 2005; Xiu et al., 2005; Haberberger et 

al., 2004; Lee et al., 2002; Wevers et al., 2000; del Mar Arroyo-Jiménez et al., 1999).  

However, as previously noted, the degree of antibody specificity can confound these 
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studies, especially given the high homology across nAChR subunits in the large N-

terminal, extracellular domains.   

Despite technique-specific shortcomings, we can infer that nAChR subunits that 

are regionally coexpressed may be candidate nAChR assembly partners.  Thus, 

heterologous expression endeavors to test the realm of possibilities regarding nAChR 

subunit compositions can be based on information derived from natural subunit 

expression studies.  Reciprocally, insights gleaned from heterologous expression studies, 

especially ligand binding and functional characteristics that define specific nAChR 

subtypes, can be used to illuminate the makeup of naturally expressed nAChR and, 

consequently, improve the understanding about nAChR subtypes mediating effects of 

nAChR ligands.        
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iv. Roles of nAChR at the Cellular and Systems Levels 

 

Depending on where they are located regionally in the nervous system, nAChR 

could be involved in a variety of physiological processes including analgesia, emotion, 

mood, cognition, learning and memory, motor control, and reward-seeking behavior.  

Depending on where they are located on neurons (or glia), nAChR also could have 

different roles at cellular or synaptic levels. 

Specific nAChR subtypes have somatodendritic localizations on post-ganglionic 

and CNS neurons where they mediate classic, excitatory neurotransmission, in the same 

way that muscle-type nAChR mediate neuromuscular junction synaptic activity.   

Somatodendritic nAChR-mediated depolarization can occur alone or synergistically with 

activity of other ion channels to promote whole-cell depolarization and subsequent action 

potential firing.  The α4β2-nAChR subtype has been shown to facilitate nicotine 

dependence in this way.  It is highly expressed in several brain regions including the 

ventral tegmental area (VTA) (Jensen et al., 2005), a region of the mesolimbic pathway 

that when activated facilitates dopamine release onto the nucleus accumbens; this activity 

is thought to elicit rewarding sensations.  When lever pressing is paired with electrical 

VTA stimulation, rodents will engage in rapid lever-pressing behavior (Bauco and Wise, 

1994), and mice will self administer nicotine delivered directly to the VTA, (David et al., 

2006).  Nicotine reinforcement is abolished in mice that do not express α4β2-nAChR 
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(Picciotto et al., 1995; Zoli et al., 1998; Marubio et al., 1999).  Re-introducing the β2 

subunit in the ventral tegmental area of β2 knockout mice results in a recovery of 

nicotine-induced dopamine release, nicotine self-administration, dopamine neuron firing 

patterns and executive function (Maskos, 2006).  Evidence shows that dopaminergic 

VTA neuronal activation can occur via direct activation by glutamatergic inputs from the 

prefrontal cortex or via glutamatergic and cholinergic afferent fibers originating in the 

pedunculopontine and laterodorsal tegmental nuclei (Fagen et al., 2003; Woolf et al., 

1991).  Evidence suggests that nAChR in the mesolimbic pathway play a role in mood 

disorders including anxiety and depression, schizophrenia, and drug dependence (Dani 

and Harris, 2005; Drevets, 2001; Corrigall et al., 1992).     

Various nAChR subtypes located away from postsynaptic sites may play more 

purely modulatory roles.  For many years, it has been known that some nAChR exist on 

motor, preganglionic, or central nerve terminals, and there is excellent evidence that they 

can modulate release of neurotransmitters.  Specific examples are α3β4*-nAChR in the 

autonomic nervous system.  When expressed postsynaptically on the postganglionic 

neuronal soma or dendritic fields, these receptors mediate classic, excitatory 

neurotransmission.  However, they also are expressed on the preganglionic axon terminal 

where they are activated by released acetylcholine (Fu et al., 1998; Bernardini et al., 

2004).   This is an example of presynaptically-disposed nAChR acting as homotypic or 

autoreceptors.  nAChR also can act as heterotypic presynaptic receptors when they are 
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found on terminals of serotonergic, glutamatergic, dopaminergic, adrenergic or 

GABAergic neurons, and it implies that these nerve terminal nAChR are also 

postsynaptic to cholinergic inputs and the existence of axo-axonal connections.  Local 

nAChR-mediated depolarization at these sites could mediate cation influx, particularly 

Ca2+, to promote neurotransmitter release in the absence of an action potential 

(Dougherty et al., 2003) and certainly could modulate electrical status of the nerve 

terminal.     

It has been postulated that the rewarding effects of nicotine are due in part to 

nicotinic interactions with pre- and post- synaptic nAChR consisting of varying 

combinations of α4, α7, and β2 subunits in the VTA, and thus modulating dopamine 

release onto the nucleus accumbens (Wu et al., 2004; Nashmi et al., 2003).  

Electrophysiology studies on α7 and β2 knockout mice illustrate the role of these subunits 

in the regulation of VTA dopaminergic cell activity; β2*-nAChR activity appears to 

excite resting cells whose activity seem to be modified by α7β2*-nAChR (Mameli-

Engvall et al., 2006).  A recent review (Dani and Harris, 2005) describes a reward circuit 

in which glutamatergic and cholinergic projections from the laterodorsal tegmentum and 

pedunculopontine tegmentum release their respective neurotransmitters onto 

dopaminergic and GABAergic VTA neurons.  More specifically, nicotine or endogenous 

acetylcholine can activate presynaptic α7 nAChR on glutamatergic projections to 

modulate glutamate release onto dopaminergic cells in the VTA.  Nicotine or 
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acetylcholine also can directly activate α4β2-nAChR on dopaminergic and GABAergic 

neurons in the VTA.  The authors explain that with chronic nicotine, α4β2-nAChR are 

desensitized, resulting in decreased inhibition by local GABAergic interneurons, leading 

to dopamine release.  

Existing evidence suggests that in addition to their role of facilitating classical 

neurotransmission in the VTA, α4β2-nAChR also are responsible for modulation of 

dopamine release in the striatum (Wonnacott 1997). 

In addition, presynaptic α7-nAChR receptor subtypes are expressed in the 

hippocampus, where they are thought to play a role in memory formation (Mann et al., 

2003); these receptors have recently been shown to modulate GABA release (Barik and 

Wonnacott, 2006).  Rapidly desensitizing α7-nAChR homopentamers have also been 

shown to modulate GABA and glutamate release in the lateral geniculate nucleus (Guo et 

al., 1998).  Activation of presynaptic nAChR also facilitates dopamine release in the 

striatum, nucleus accumbens and frontal cortex (Marshall et al., 1997).   

Beyond these effects mediating postsynaptic signaling or modulating presynaptic 

neurotransmitter release, some nAChR subtypes can have further effects as a 

consequence of their Ca2+ permeability, which can rival or exceed that of NMDA 

glutamate receptors.  For example, Ca2+ influx also can trigger intracellular signal 

transduction cascades, including phosphoinositide metabolism-mediated activation of 
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protein kinase C (Soliakov and Wonnacott, 2001), calcium/calmodulin dependent kinase 

activation (Wang et al., 2006), and downstream events such as activation of mitogen 

activated protein kinase and activation of entities such as CREB (Bell et al., 2004; Jull et 

al., 2001; Dineley et al., 2001).  Some of these cascades can also be initiated by nAChR-

facilitated depolarization, which results in the opening of voltage-sensitive calcium ion-

gated calcium channels, and Ca2+ entry also can activate Ca2+ release via several 

mechanisms (Dajas-Bailador and Wonnacott, 2004).    

Some nAChR subtypes are localized away from synaptic sites (i.e. 

perisynaptically) but sill on neuronal soma or dendrites, where they play roles in 

mediation of volume transmission in response to low but perhaps persisting levels of 

neurotransmitter that has escaped the synapse.   

nAChR having any of these wide ranges of cellular and synaptic action can make 

obvious contributions to function in neuronal circuits and systems.  Roles have been 

implicated for nAChR in processes ranging from neurogenesis to cognition.  However, 

the understanding is still primitive about how nAChR actions are integrated, even in 

response to nicotine exposure from tobacco product use, and how those actions change 

across the lifespan.  For example, evidence suggests that exposure to nicotine at various 

developmental stages can be harmful (Abreu-Villaca et al., 2003, 2004).  On the other 

hand, nicotine administration can improve cognitive symptoms of several diseases 

including Alzheimer’s, schizophrenia, and attention deficit disorder (Rezvani and Levin, 
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2001).  Nicotine exposure can elicit improvements in attention and memory in normal 

subjects as well (Levin and Simon, 1998), and nicotine withdrawal can cause attention 

deficits in smokers (Hatsukami et al., 1998).  Other behavioral studies depict 

improvements in working memory as a result of nicotine exposure.   

Transgenic mice have been created in order to illuminate roles of nAChR 

subtypes.  Among the viable knockouts, relatively few deficits have been observed, 

perhaps as a result of developmental compensation (Gotti et al., 2006).  One study using 

an antisense oligonucleotide to selectively reduce α7-nAChR function created animals 

with spatial learning and memory deficits (Curzon et al., 2006).  Additional studies 

utilizing selective “knock-down” technology may reveal nAChR-mediated functions that 

have not been apparent in knockout mice to date.   
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v. Current Knowledge and Gaps in Understanding about nAChR α6 subunits 

and α6*-nAChR 

  

 

 

a. Overview 

 

As articulated below, studies to date indicate that nAChR α6 subunits are 

localized in dopaminergic brain regions including the VTA, which is known to play a key 

role in reward behavior.  If α6*-nAChR expression is indeed limited to these areas, then 

this receptor is an attractive target for psychoactive drugs including antidepressants, 

antipsychotics, and those aimed at addiction therapy.  Although nAChR α6 subunits have 

been investigated because of this, our understanding about them is limited, perhaps 

because there have been limits in the techniques that have been used to investigate α6 

subunits and α6*–nAChR.  Although many studies support the idea of localized 

expression, it is likely that further investigation done with different strains or ages of 

animals, new techniques, or modifications of previously utilized techniques may reveal a 

less localized expression pattern.  The following blends a discussion of specific 
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techniques with an overview about the current state of knowledge regarding α6*-nAChR 

and subunits.  

 

 

 

b. Localization of nAChR α6 subunits   

   

Although our current knowledge about the nature of α6*-nAChR and α6 subunits 

(discovered by Lamar et al., 1990) is limited, studies thus far provide some insight as to 

their character.  α6 subunit and α6*-nAChR have been characterized using mRNA 

expression, ligand binding, functional and genetic knockout studies.  RT-PCR methods 

have been used to determine that nAChR α6 subunit mRNA is expressed in rat and 

mouse VTA and substantia nigra (Klink et al., 2001; Elliott et al., 1998; Charpantier et 

al., 1998), striatum, locus coeruleus, and developing spinal cord (Lena et al., 1999; Wen 

et al., 1998).  To date, α6 subunit mRNA expression has been established by in situ 

hybridization (ISH) in dopaminergic regions including the substantia nigra and VTA in 

C57BL/6 mice of ages postnatal day 1 (P1) and P7 (Magdaleno et al., 2006), CD1 mice 

of unspecified age (Champtiaux et al., 2002), and Sprague Dawley rats (female, 175-200 

g; male, 250-275 g; Azam et al., 2002).  Work in CD1 mice reveals nAChR α6 mRNA 

expression in dopaminergic regions as well as in superior colliculus and retinal ganglion 

cells (Champtiaux et al., 2002).  The same study depicts reductions in cytisine and 
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epibatidine binding in the superior colliculus (SC) and dorsal lateral geniculate nucleus 

(LGN), and a reduction in nicotine binding in the SC of α6 subunit knockout mice.  

Additionally, cytisine-sensitive epibatidine binding sites are significantly reduced by α6 

subunit knockout in the same regions as well as in retina, striatum, and VTA.  These 

results provide evidence for presynaptic dorsal LGN and striatal α6*-nAChR, as α6 

subunit mRNA is found in retinal ganglion cells, which are known to project to the dorsal 

LGN and in the substantia nigra, which is known to project to the striatum via the 

mesostriatal dopaminergic pathway.  Cytisine and epibatidine appear to bind to α6*-

nAChR in both of these target regions.  This study also reports changes in cytisine, 

epibatidine, and α-conotoxin MII binding in α6 knockout CD1 mice in superior 

colliculus, retinal  lateral geniculate nucleus, medial habenula, retina, medial vestibular 

nucleus, nucleus accumbens, interpeduncular nucleus, olivary pretectal nucleus, and 

striatum; these binding patterns provide additional evidence that some α6*-nAChR are 

located presynaptically.  Additional evidence for the presence of α6*-nAChR in the retina 

and superior colliculus (rat) comes from RNase protection assay and 

immunoprecipitation data (Marritt et al., 2005), which demonstrate that the α6 subunit is 

expressed along with β2, β3, and β4 subunits in the rat retina.   

Immunodepletion studies offer additional evidence for α6 subunit expression in 

developing chick retina (Vailati et al., 2003).  Tandem immunoprecipitation and Western 

blot studies provide additional insight to the stoichiometry of naturally existing nAChR 

subtypes.  More specifically, α6β2* and α4(non-α6)β2*-nAChR in rat striatum compose 
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3H-epibatidine binding sites (Zoli et al., 2002).  In a study done with α4 subunit knockout 

mice where solubilized striatal membrane extracts were pre-incubated with 3H-

epibatidine and immunoprecipitated with various nAChR subunit-specific antibodies, 

α6*-nAChR- and β2*-nAChR-like binding sites decrease, suggesting coassembly of α6 

and α4 and β2 subunits (Champtiaux et al., 2003).   

Perhaps the most useful tool in exploring the nature of α6 subunits and α6*-

nAChR is the cone snail toxin α conotoxin MII, which appears to be highly selective for 

α6*-nAChR; however, this toxin has also been shown to have a high affinity for α3*-

nAChR as well (Kaiser and Wonnacott, 2000; Cartier et al, 1996).  Binding of α CNTX 

MII to α6*-nAChR found in the monkey and rat striatum is attenuated by chronic 

nicotine exposure (Bordia et al., 2006; Lai et al., 2005).  Binding and dopamine release 

studies in monkey nucleus accumbens suggests that α6*-nAChR expression and α6*-

nAChR-mediated dopamine release are not significantly affected by chronic nicotine 

treatment (McCallum et al., 2006).  Binding of α CNTX MII is decreased or almost 

completely eradicated in either α6 or β3 subunit knockout mice (Gotti et al., 2005; 

Whiteaker et al., 2000; Cui et al., 2003; Champtiaux et al., 2002), indicating that α 

CNTX MII binds to an nAChR subtype that contains an α6 and β3 subunit(s); however, 

the presence of β3 subunits is not required for all α conotoxin MII binding sites (Gotti et 

al., 2005).  Alpha conotoxin MII binding in squirrel monkeys appears to be more 

abundant as it occurs in caudate, putamen, cortex, olfactory tubercule, medial habenula, 
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lateral geniculate nucleus, nucleus accumbens, supraoptic decussation, superior colliculus 

and interpeduncular nucleus (Quik et al., 2001).   

 

              

 

c.  Heterologous expression studies of α6*- nAChR 

 

Since α6 subunits require additional assembly partners to form functional 

receptors in heterologous expression systems (Jensen, 2005), subunits whose messages 

are found in the same regions are candidates as assembly partners in native α6*-nAChR.  

An in situ hybridization (ISH) study shows that α3-7 and β2-4 subunits are expressed in 

the substantia nigra and VTA (Azam et al., 2002).  This knowledge is helpful yet 

insufficient in regards to predicting the assembly partners of α6 subunits.   

Oocyte expression experiments suggest that human α6 subunits will form 

functional nAChR when transfected with β3 and β4 subunits, with α3 and β2 subunits, 

and to a lesser extent with β2 and α5 human nAChR subunits (Gerzanich et al., 1997; 

Kuryatov et al., 2000).  The ease of transfection and recording make oocytes an attractive 

host for heterologous expression systems; however, when investigating human α6*-

nAChR, a host cell line more closely related to primates is preferable.  Oocyte studies 

provide us with initial understanding of the naturally expressed α6*-nAChR.  However, 
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if our goal is to thoroughly characterize the kinetics of native human α6*-nAChR and the 

effects of acute and chronic ligand exposure on these receptors, further investigation 

involving a mammalian heterologous expression system, and more sensitive and 

descriptive techniques are required. 

 

 

d. Phenotypes of Cells Naturally Expressing α6 Subunits 

 

As previously illustrated, dopaminergic transmission from the VTA to the nucleus 

accumbens via the mesolimbic pathway is widely thought to be an elemental step in 

reward circuitry (Bauco and Wise, 1994).  Additional studies show that VTA afferents 

modulate dopamine release by direct stimulation of dopaminergic neurons as well as by 

modulating the activity of GABAergic interneurons in the VTA (Mameli-Engvall et al, 

2006; Dani and Harris, 2005).  Nicotine clearly has reward producing effects.  As 

described above, a variety of nAChR subunits, have been found in dopaminergic brain 

regions (Champtiaux et al., 2003; Azam et al., 2002; Han et al., 2000; Charpantier et al., 

1998; Le Novere et al., 1996), and α6 subunit mRNA appears to be relatively localized in 

the rodent VTA, and in the substantia nigra (SN), which contains dopaminergic, 

GABAergic, plus glutamatergic neurons (Fagen et al., 2003; Marti et al., 2000).  Based 

on the currently known distribution pattern for α6 subunits, α6*-nAChR may play an 
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important role in the rewarding effect of nicotine. Tandem ISH and 

immunohistochemistry experiments in rat dopaminergic regions suggest that nicotine 

may exert its rewarding effects by activating nAChR containing a variety of nAChR 

subunits (α3, α4, α5, α6, α7, β2, β3, β4) and expressed on dopaminergic neurons in the 

VTA.  To a lesser extent, GABAergic inter- and projection neurons are also present in the 

VTA.   Hence, there is a possibility that α6*-nAChR exist on GABAergic neurons as 

well (Azam et al., 2002).  α6 nAChR expressed in the VTA may modulate dopamine 

release via their location on dopaminergic cell bodies (Azam et al., 2002), or they may be 

expressed on the terminals of GABAergic interneurons where they could indirectly 

module dopaminergic activity.  In order to further understand the role of the α6*-nAChR 

in addictive behavior, natural expression patterns in additional brain regions in various 

species spanning several developmental stages must be established.   

 

 

 

e.  Rationale for and Significance of the Conducted Studies 

    

The presumption that nAChR α6 subunit has a more restricted expression pattern 

than other nAChR subunits and possibly exclusive expression in dopaminergic neurons 

has underscored interest in α6*-nAChR and their possible roles in mood, reward and 

nicotine dependence.  As such, the distribution of α6 subunits and α6*-nAChR warrants 
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further investigation.  A better understanding of α6*-nAChR also is necessary as they 

may be potential therapeutic targets for drugs designed to combat nicotine dependence or 

to mimic positive effects of nicotine on mood.  α6*-nAChR-targeted drugs could have 

fewer side effects than drugs targeting other nAChR subtypes, such as α4β2-nAChR, that 

have been implicated in nicotine dependence but have broad distributions (Jensen et al., 

2005).  Although considerable work has been done to characterize α6*-nAChR, there are 

several critical gaps in our understanding of their natural expression patterns, the cell 

types in which they are expressed, and the identification of their subunit compositions.   

As previously discussed, nicotinic acetylcholine receptors (nAChR) exist as 

several different subtypes depending on subunit composition, and different combinations 

of subunits make up nAChR found throughout the CNS that display unique kinetics and 

affinities for nAChR ligands.  Autoradiographic in situ hybridization studies in rodents 

(Wada et al., 1998 & 1990) and primates (Han et al., 2000) have shown that α2, α3, α4, 

α5, α6, α7, β2, β3, and β4 subunit mRNA are found in several brain regions.  

Autoradiographic in situ hybridization studies in rodents (Azam et al., 2002) and RT-

PCR studies (Charpantier et al., 1998) have shown that α2, α3, α4, α5, α6, α7, β2, β3, 

and β4 subunit mRNA are found in reward centers of the brain.  Although α6 subunit 

mRNA appears to be selectively expressed in reward centers of the brain (VTA), the 

subunit composition of nAChR in these brain regions remains unclear, as do roles of α6-

containing nAChR found there.   
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To address these gaps in knowledge, two lines of study were executed.  One 

involved creation of stably transfected, human SH-EP1 host cells expressing human 

nAChR α6 subunits in combination with other nAChR subunits from the appropriate 

cDNAs.  This work was done to identify subunit combinations capable of forming ligand 

binding and functional α6*-nAChR.  Another line of study involved mRNA fluorescence 

in situ hybridization studies to characterize the distribution and levels of expression of α6 

subunits in the mouse brain, making additional reference to the phenotypes of cells 

expressing α6 subunits based on their staining for tyrosine hydroxylase (TH) as a 

dopaminergic (catecholaminergic) neuronal marker or glutamtic acid decarboxylase 

(GAD) as a GABAergic neuronal marker.  The latter studies were complemented by RT-

PCR studies to ascertain α6 subunit message levels in selected brain regions from 

different strains of rats or mice at specific ages. 

In heterologous expression studies, subunits whose mRNA has also been found in 

reward brain regions including α4, β2 or β4, β3 and α5 subunits were chosen for 

transfection along with α6 subunits.  Characterization of heterologously expressed α6*-

nAChR would give us clues as to the possible assembly partners in naturally expressed 

α6*-nAChR.  This work also would potentially provide information leading to the 

establishment of pharmacological profiles for specific α6*-nAChR subtypes, thus 

providing insight into ligand-binding affinities and channel properties of naturally 

occurring α6*-nAChR and providing a platform for discovery of α6*-nAChR-selective 
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or –specific drugs.  Similarly, establishment of stably transfected cells expressing α6*-

nAChR could facilitate studies of the effects of acute/chronic ligand exposure on these 

receptors.  Establishing and characterizing stably transfected α6*-nAChR that are likely 

to exist naturally in vivo, allow speculation as to roles for α6*-nAChR in addiction, 

neuropsychiatric diseases, side effects of therapeutic intervention, and pleasure and 

reward sensations. 

ISH of nAChR α6 subunit expression done to date have been limited in that they 

have not included a large variety of brain regions, and they did not span a variety of 

species or ages.  For example, differences in nAChR α4 subunit mRNA expression exist 

in mouse between P7 and P14 (Magdaleno et al., 2006), and several nAChR subunit 

mRNA expression patterns vary in the rat developing spinal cord (Wen et al., 1998).    

ISH studies to date provide few clues as to the type of cell in which α6 subunit mRNA 

expression occurs.  Studies using mRNA fluorescence in situ hybridization were chosen 

because they allow the level and location of α6 subunit mRNA expression to be 

determined at the cellular and subcellular level with enhanced spatial resolution relative 

to autoradiographic approaches.  Additionally, studies of the coexpression of α6 mRNA 

and either GAD or TH would provide insight into cellular origins of α6*-nAChR, their 

potential cellular disturibution patterns, and roles in mediation of excitatory transmission 

and/or in modulation of excitatory or inhibitory neurotransmitter release that are 
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ultimately relevant to how α6*-nAChR activity contributes to nicotine addiction, mood, 

or other neuropsychiatric functions or disorders.   
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II. HETEROLOGOUS EXPRESSION OF α6*-nAChR 

 

 

 

i. Abstract 

 

nAChR exist as a diverse family of subtypes composed of different subunit 

combinations. nAChR are thought to be the principal targets involved in nicotine 

dependence.  To date, studies show that nAChR α6 subunits are not abundant in the 

mammalian brain.  Message encoding them is enriched in dopaminergic brain centers, 

including the ventral tegmentum, which is implicated in reward.  However, little is 

known about other nAChR subunits serving as assembly partners with the α6 subunit or 

about α6*-nAChR pharmacology and function.  

Toward an overarching goal of improving the understanding of native α6*-

nAChR, studies were done to identify possible assembly partners for the human α6 

subunit in the formation of ligand binding and functional α6*-nAChR using a proven, 

heterologous expression strategy.  A series of human SH-EP1 epithelial cell lines was 

created by sequential or simultaneous transfection with cDNAs encoding human nAChR 

α6 or other subunits in different binary, ternary or quaternary combinations (e.g., α6 plus 

β2 or β4 +/- α5 and/or β3; α6 plus α4 plus β2 or β4 plus α5 or β3).  86Rb+ efflux assays 

of channel activity were used to characterize expressed α6*-nAChR. Results suggest that 
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pharmacologically distinct, nAChR binding sites are formed from cells transfected with 

α6, β4, β3 and α5 subunits. Thus, we have created stably transfected cell lines useful as 

reference tools for creating models of study for α6*-nAChR and for elucidation of roles 

played by α6*-nAChR in processes such as nicotine dependence and nicotinic cholinergic 

signaling. 

     

 

 

ii. Methodological Details and Strategies 

 

Heterologous Expression of α6*-nAChR.  The indicated human nAChR subunits 

obtained from other laboratories or cloned in the Lukas laboratory were subcloned into 

the indicated expression vectors by other members of the Lukas laboratory.  Briefly, 

subunit cDNAs were cut out of their cloning or oocyte expression vectors using the 

appropriate restriction enzymes or amplified using RT-PCR, human whole-brain RNA 

and gene-specific primers containing desired restriction enzyme sites.  The cDNAs were 

cloned into pcDNA or other vectors harboring antibiotic resistance genes of choice 

through either complementary or blunt end ligation reactions as appropriate (Figures 1-6; 

Table 1).  For example, the human α6 subunit cDNA was derived from a cDNA library 

obtained via RT-PCR of human brain total mRNA.  The α6 subunit cDNA was amplified 

using polymerase chain reaction in the presence of gene-specific, hA6N 
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(GACTCTCGAGAGTGGGCTTCTGATGATGT) and hA6C 

(CTAGCTCGAGGGTTTTAGCAG ATGGGGGACTTG) primers designed to span the 

entire coding region of the message and also to contain XhoI restriction enzyme sites.  

The reaction mixture was subjected to electrophoresis on a 1% agarose gel, the desired 

amplification product of 1.77Kb was visualized, the corresponding piece of the gel was 

excised, and the sample was processed for isolation of cDNA using Prep-a-Gene kit (Bio-

Rad) via use of a crystalline silica-based matrix to remove excess agarose and other 

impurities from DNA via centrifugation through a filter tube.  The cDNA isolate was 

digested with XhoI to generate α6 cDNAs ready for complementary (or sticky-end) 

ligation into XhoI-digestion products.  However, as the expression vector of choice 

lacked the XhoI subcloning site, a technique was employed using Klenow enzyme to 

blunt the sticky ends (i.e. add dNTPs to the 3’ ends to eliminate the XhoI 5’ overhang) of 

the human α6 subunit cDNA.  The pcDNA3.1-hygromycin vector was opened using the 

restriction enzyme EcoRV, which naturally produces blunt or non-overlapping ends, and 

treated with calf intestinal alkaline phosphatase (CIAP) to dephosphorylate the 5’ ends of 

the vector and to prevent vector auto relegation.  The α6 subunit cDNA and pcDNA-

hygro vector were mixed to allow blunt end ligation and directionless insertion of the α6 

cDNA into the vector cloning site.  The resulting cDNA was purified using Quantum 

Prep Freeze ‘n Squeeze gel-extraction Spin Column (Bio-Rad ®).  Briefly, following 

electrophoresis of the ligation reaction mixture on a 1% agarose gel and excision of the 

region of the gel containing cDNA of the desired size (1.77Kb for α6), the DNA was 
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manually extracted from the gel and separated from the agarose beads by centrifugation 

through a 0.45 µm cellulose acetate filter.  The purified cDNA was then used for heat 

shock transformation of DH5α E. coli cells.  Resistance to ampicillin was then used to 

select for inoculated colonies formed during culture of transformed bacteria on agar 

plates.  Plasmid DNA was isolated from bacterial cells using a mini-prep kit (Marligen 

Biosciences).  Final constructs were verified by restriction mapping and complete 

sequencing of the insert.  Restriction mapping verified that the nAChR subunit cDNA of 

interest was inserted in the proper direction; HindIII and PvuI were used to map the α6-

containing vector.   Sequencing was done on a fee-for-service basis (Genetic Analysis & 

Technology Core, University of Arizona, Tucson, Arizona) using vectors containing the 

desired gene and sets of primers designed to be specific for the gene of interest and 

spanning its entire sequence (1.771Kb for the human α6 nAChR subunit).  The use of 

primer sets producing overlapping sequences was necessary because the PCR enzymes and 

parameters used would only yield products of approximately 600-800 base pairs.    

Sequences are determined as fluorescent labels replace the phosphate on a small percentage 

of each of the four nucleotides in the PCR reaction so that A, C, G, and T have different 

fluorescent wavelengths.  The phosphate is removed from these nucleotides.  Thus, PCR 

cannot continue when a fluorescently tagged nucleotide is added to the fragment.  Terminal 

addition of these labeled nucleotides produces reaction products of different sizes and a 

distinctive, fluorescent end-label.  Resolution of reaction products by size via capillary 
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electrophoresis coupled with determination of fluorescence emission relates product size to 

terminal base, thus allowing computation of the base-by-base sequence of the desired gene. 

Table 1: nAChR cDNA inserted into mammalian expression vectors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cDNA amplification and purification.  DH5α bacterial cells were transformed with a 

plasmid containing the appropriate human nAChR cDNA via heat shock.  Transformed 

bacterial cultures were grown overnight, were centrifuged, and medium removed.  

cDNAs containing inserts corresponding to human nAChR subunit coding regions 

including α4, α6, β2, β4, β3 and α5 were isolated according to the MAXIprep (Marligen 

Biosciences) protocol.  In general, plasmid-containing bacterial cells were lysed; the 

plasmid and genomic DNA were separated via centrifugation.  The plasmid-containing 

 
• *+α4 in pcDNA3.1/Zeo (conferring hygromycin resistance), non-linearized 
• α5 in pEF6/Myc His A (conferring blasticydin resistance), linearized with 

Fsp I 
• α6 in pcDNA3.1/Hygro, linearized with Fsp I 
• *+β2 in pcDNA3.1/Hygro, non-linearized 
• β2 in pcDNA3.1/Zeo (conferring zeocin resistance), linearized with Pvu I 
• +β2 in pcDNA3.1/Zeo, non-linearized 
• β3 in pcDNA3.1/Neo, (conferring neomycin resistance) linearized with 

Pvu I 
• β4 in pcDNA3.1/Zeo, linearized with Pvu I 

 
 
*Transfections using this cDNA were done by another member of the Lukas 
Laboratory. 
+Although transfections using non-linearized plasmids were successful, we 
experienced a higher success rate using plasmids linearized with restriction 
endonucleases. 
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supernatant was passed over a pre-packed ion-exchange resin column.  The negatively 

charged phosphates of the DNA backbone bonded to the positively charged column resin.   

The bound DNA was washed with a buffer, while RNA, proteins and other impurities 

were washed through the column.  The DNA was eluted with a high-salt solution, was 

subsequently desalted and concentrated via alcohol precipitation.  Finally, the pellet was 

dissolved in TE buffer [10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA].   

 

Cell culture.  Five different variants of cells from the SH-EP1 human epithelial cell line 

(originally and kindly provided by Dr. June Biedler, Sloan Kettering Institute for Cancer 

Research; JF, YPK, R91, FU and SL) were grown in DMEM supplemented with 10% 

horse serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml amphotericin B 

(all from Life Technologies, Inc., Gaithersberg, MD) plus 5% fetal bovine serum (Hyclone, 

Logan UT) in a humidified atmosphere containing 5% CO2 in air at 37oC.   

 

Transfection.  All cDNA constructs were used for transfection either as circular DNA or as 

plasmids linearized with the indicated restriction endonucleases.  Cells were transfected 

using either the SuperFect technique or an electroporation procedure, and no notable 

differences were observed in transfection efficiency for any of the SH-EP1 cell derivatives.  

Generally, for the SuperFect (Qiagen) technique, 10 μg of DNA dissolved in TE buffer, 

pH 7.4 (minimum DNA concentration of 0.1 μg/μl) was diluted in serum-, protein-, and 

antibiotic-free medium before adding SuperFect Transfection Reagent.  This reagent is an 
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activated dendrimer, which consists of branches that extend from a spherical central core 

and terminate at charged amino groups. SuperFect assembles DNA into compact 

structures, optimizing the entry of DNA into the cell after the positively charged 

SuperFect-DNA complex interacts with negatively charged plasma membrane-bound 

sialated glycoproteins found on eukaryotic cells. The Superfect/DNA sample was mixed 

and incubated 10-15 min at room temperature (22 + 1oC) before addition of complete 

Dulbecco’s Modified Eagle’s Medium (10% horse serum, 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 0.25 µg/ml amphotericin B (all obtained from Invitrogen, Carlsbad, 

CA) plus 5% fetal bovine serum (Hy-Clone, Logan, UT).  The mixed sample was then 

added to one 100 mm plate containing ~0.8-1.6 million cells (40-80% confluence) that had 

been previously rinsed with warm 1x phosphate buffered saline (PBS).  The cells were 

transferred to an incubator for 2-3 hr of maintenance at 37oC in 5% CO2 in air.  Once 

inside the cell, SuperFect Reagent buffered the lysosome after it had fused with the 

endosome, which led to pH inhibition of lysosomal nucleases. This ensured stability of 

SuperFect–DNA complexes and the transport of intact DNA to the nucleus.  Transfection 

medium was then aspirated, and cells rinsed several times with warm PBS before 

addition of fresh, complete DMEM and maintenance at 37oC in 5% CO2 in air for another 

24 hr.  Medium was then supplemented with the selection antibiotic.   

In cases where electroporation [BioRad Gene Pulsar model 1652076 with pulse 

control module model 1652098 operating at 960 μF and 0.20 kV/cm (t = 28 – 36 ms)] was 

used, ~2 million cells from one confluent 100 mm plate were harvested mechanically 
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under a stream of fresh medium after brief exposure to trypsin solution.  The cell 

suspension was transferred to a sterile conical tube and centrifuged to pellet the cells.  

Cells are resuspended in HEBS buffer (20 mM HEPES, 87 mM NaCl, 5 mM KCl, 0.7 

mM NaHPO4, 6 mM dextrose, pH 7.05).  After addition of 100 μg DNA suspended in 

HEBS, the sample was triturated and transferred to a sterile electroporation cuvette.  

After electroporation, the sample was allowed to settle for 10-15 min before being added 

to fresh, complete DMEM, mixed, and transferred to a 100 mm plate.  The transfected 

cells were then incubated for 24 hr at 37oC in 5% CO2 in air before medium was 

supplemented with the selection antibiotic.   

Regardless of the method used for transfection, cell growth was monitored until the 

“stab-and-grab” technique was used to isolate single, transfected cell colonies, which were 

then expanded.  This procedure required the sparse plating of polyclonal cell lines so that 

colonies from one parent cell would develop.  When colonies were mature, trypsin (Irvine 

Scientific)] -soaked sterile cloning disks (Scienceware) were placed over the colonies using 

fire-sterilized forceps.  After approximately 30-60 sec, the disks were removed and placed 

in one of 24 wells containing 0.5 ml of serum and antibiotic-supplemented cell-culture 

medium (as described above) in a cell-culture plate.  The cells from each well formed one 

monoclonal cell-line.  Monoclonal lines were used for functional screening and for creating 

pharmacological profiles.   
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Reverse Transcription Polymerase Chain Reaction (RT-PCR).  Total mRNA was isolated 

from cells growing at approximately 80% confluence in a 100 mm culture dish using 2 

ml of TRIzol reagent (Invitrogen). Prior to RT-PCR, RNA preparations were treated with 

DNase I (Ambion, Austin, TX) to remove residual genomic DNA contamination. 

Typically, 40 µg of mRNA was incubated with 4 units of DNase I in a 50 µl reaction at 

37°C for 30 min. DNase I was then inactivated by the addition of 5 µl of 25 mM EDTA 

and incubation at 65°C for 10 min. RT was carried out using 2 µg of DNA-free total 

RNA, oligo(dT) 12-18 primer, and a Superscript II preamplification system (Invitrogen) 

in a 20 µl reaction volume. At the end of the RT reaction, reverse transcriptase was 

deactivated by incubation at 75°C for 10 m, and RNA was removed by adding 1 unit of 

RNaseH followed by incubation at 37°C for 30 min. Reactions excluding reverse 

transcriptase were also conducted as RT negative controls. PCR was performed using 1 

µl of cDNA preparation, 1 µl of 10 µM each of 5’ and 3’ gene-specific primers, 1 µl of 

10 mM dNTP, and 2.5 units of RedTaq (Sigma-Aldrich) in 50 µl reaction volume. 

Amplification reactions were carried out in a RoboCycler (Stratagene; La Jolla, CA) for 

35 cycles at 95°C for 1 m, 55°C for 90 s, and 72°C for 90 s, followed by an additional 4-

m extension at 72°C. One-tenth of each RT-PCR product was then resolved on a 1% 

agarose gel, and sizes of products were determined based on migration relative to mass 

markers loaded adjacently. 
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Membrane Preparations for Binding. In studies done by a collaborating laboratory 

(Targacept) cells were harvested in ice-cold PBS, pH 7.4, then homogenized with a 

polytron (Brinkmann Instruments, Westbury, NY) at setting 6 for 15 s. Combined 

homogenates (18 ml) were centrifuged at 40,000g for 20 min(4°C). The pellet was 

resuspended in 12 ml of ice-cold PBS and centrifuged again. The final pellet was 

resuspended in µ10 ml of PBS and contained 1.2 to 1.6 mg/ml of total membrane protein.   

 

Binding Assays. In studies done by a collaborating laboratory (Targacept), 

[3H]epibatidine was used to probe for α6 nAChR binding sites at final radioligand 

concentrations of 0.01 to 3.0 nM for saturation assays or of 0.5 nM for competition 

binding assays. Binding was conducted in assay buffer containing: 0.9 mM CaCl2, 2.67 

mM KCl, 1.47 mM KH2PO4, 0.49 mM MgCl2, 137.93 mM NaCl, and 4.29 mM 

Na2HPO4, pH 7.4 in either 48-well or 96-well plates. Each sample (performed in 

triplicate at a minimum) contained 50 µl of test compound in solution at the desired 

concentration, 50 µl of 4x [3H]epibatidine stock solution, and 100 µl of membrane 

suspension. Incubation was conducted for 2 hr at room temperature. Total and 

nonspecific binding were measured in the presence of assay buffer or 100 µM nicotine, 

respectively. For the 48-well assay, binding was terminated by dilution with cold 

phosphate buffered saline (PBS) and immediate filtration onto GF/B filters (presoaked in 

0.3% epibatidine) using a 48-sample, semiauto harvester (Brandel Inc., Gaithersburg, 

MD). After washing three times with ~1 ml of buffer, filters were transferred into 
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scintillation vials filled with 3 ml of scintillation cocktail.  Radioactivity was measured 

after 8 to 12 hr using a liquid scintillation analyzer (model Tri-Carb 2200CA; 

PerkinElmer Life and Analytical Sciences Inc.).  Data expressed in disintegrations per 

min (dpm) were transformed to femtomoles of bound [3H]epibatidine per milligram of 

total protein or as a percentage of control [3H]epibatidine binding (i.e., total-nonspecific). 

For the 96-well assay, samples were filtered using a 96-sample, semiauto harvester 

(Brandel Inc.). After washing 3 times with ~350 µl of buffer, the filter plate was dried for 

60 min in an oven at 49°C, bottom-sealed, and each well was filled with 40 µl of 

scintillation cocktail. After 60 min, the filter plate was top-sealed, and radioactivity was 

measured using a Wallac 1450 Microbeta liquid scintillation counter. Data expressed in 

counts per min (cpm) were transformed to percentage of control [3H]epibatidine binding 

(i.e., total-nonspecific). Competition assays using [3H]nicotine binding to rat cortical 

membranes or [3H]methyllycaconitine binding to rat hippocampal membranes were 

performed at 5 nM radioligand concentration. The procedure was identical to that 

described for [3H]epibatidine binding but in these assays nonspecific binding was 

determined in the presence of 10 µM nicotine or 10 µM methyllycaconitine, respectively. 

 

Functional Screening. The isotopic (86Rb+) efflux assay was used in screening α6*-

nAChR for function.  SH-EP1 cells heterologously transfected with α6*-nAChR were 

plated on 24-well cell culture plates and allowed to adhere for 24 hrs.  Media were 
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removed following this period, and 86Rb+ -supplemented Dulbecco’s Modified Eagle’s 

Medium (DMEM as described above) was added to each well.  The amount of 86Rb+ 

added was adjusted to achieve a final activity of 250-350 thousand counts per min (cpm) 

on a Wallac Trilux system (40% efficiency) (PerkinElmer Life Sciences) per 250 µl of 

efflux assay loading.  During a 4 hr loading period adequate to bring intracellular 86Rb+ 

levels to equilibrium at 370C, the 86Rb+ was taken into the cells via the Na/K ATPase.  

Following equilibration, to remove extracellular 86Rb+ and establish an essentially infinite 

intracellular:extracellular gradient of 86Rb+, cell plates were rinsed two or three times 

with efflux buffer (50 mM Hepes, 130 mM NaCl, 5 mM Glucose, 4.5 mM KCl, and 2 

mM CaCl2, pH. 7.4) using the flip-plate method (Lukas et al., 2002) in which the 

aspirated cell plate is inverted and placed over a rinse plate containing efflux buffer.  The 

plates are aligned so that the wells oppose each other; an opposing rinse plate tightly 

covers each cell plate.  The plates are held together, briefly inverted to allow fresh buffer 

to bathe cells on the cell plate, and returned to the original position.  Residual buffer is 

aspirated from the cell plate after the final rinse.  Cell plates are then opposed to “drug 

plates” containing various concentrations of compounds to be tested.  In the case of 

antagonists, the drug plates contained various concentrations of the drug also in the 

presence of 100 µM of carbamylcholine (to assess inhibition of function).  The plates 

were inverted as noted previously, except that cell plates were held in an inverted 

position for 5 min to allow drug exposure before the plates are returned to their original 

position.  Following this procedure, drug plates contain 86Rb+ released from cells via 
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activated, open nAChR channels.  Treatment plates contained concentrations of drug 

ranging from 3.16 nM to 1 mM for agonists including acetylcholine, carbamylcholine, 

nicotine, and 0.0316 nM  to 10 µM for epibatidine.  As a control to test for efflux 

responses due to muscarinic acetylcholine receptors, the antagonist, atropine, at 

concentrations from 10 pM to 1 mM was added with 100 µM carbamylcholine, which 

also acts as does acetylcholine as a muscarinic receptor agonist.  Three wells containing 

100 µM carbamylcholine were used as positive controls to define non-specific efflux).  

The difference in the amount of 86Rb+ effluxed in these sets of samples was taken as 

specific efflux and a measure of total nAChR activity.  Differences between samples 

containing no carbamylcholine and either test agonist or test antagonist in the presence of 

carbamylcholine were determined (to define specific drug induced/inhibited efflux).  

Percent of drug-induced/inhibited 86Rb+ efflux was normalized to specific ion efflux 

elicited by 100 µM carbamylcholine.  Following ligand exposure, radioactive drug plates 

containing effluxed extracellular buffer were placed in the Wallac Trilux counter to 

measure the amount of 86Rb+ efflux.  One milliliter per well of 0.1% SDS/0.1 M NaOH 

was then added to each well sample to lyse the cells so that residual intracellular 86Rb+ 

could be quantified.  Total 86Rb+ loaded was determined by adding this residual 86Rb+ to 

the total amount effluxed.  In some cases, specific nAChR function was further 

normalized as a percentage of loaded 86Rb+; this is potentially most important if 

transfected cells for some reason differed in 86Rb+ loading efficiency.  Specific efflux 

data were fit to the Hill equation to determine the dose of ligand needed to elicit or inhibit 
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86Rb+ efflux half-maximally (EC50 or IC50 value), indicating the affinity of each ligand 

for the nAChR under study.  Results were compared across nAChR subtypes to 

determine specificity or selectivity of nAChR ligands and to assess mechanisms involved 

in any functional agonism or antagonism.  
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Figure 1. Human nAChR α4 pcDNA3.1/Zeo. 
The cDNA fragment for the human nAChR α4 subunit was subcloned from the psPoD 
vector, blunt-ended, and inserted at the EcoRV site of the expression vector 
pcDNA3.1/zeo.  Nucleotides 1 through 50 and 1988 to 2191 are psPoD oocyte expression 
vector sequences.  Diagram of human α4 nAChR cloned into pcDNA3.1 conferring 
resistance to zeocin (A.).  cDNA and protein sequences of human α4 nAChR cloned into 
pcDNA3.1/Zeo (B.).   
 
Figure 1A.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nAChR-hα4 Partial Sal I Partial Hind III 

 
 
 

pcDNA3.1/Zeo 

EcoRV 
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Figure 1B. cDNA and protein sequences of human nAChR α4 that was transfected into 
pcDNA3.1/Zeo.  Translated regions are shown.     
 

 

TGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGAT5'  50

CCATGGAGCTAGGGGGCCCCGGAGCGCCGCGGCTGCTGCCGCCGCTGCTG5'  100

CTGCTTCTGGGGACCGGCCTCCTGCGCGCCAGCAGCCATGTGGAGACCCG5'  150

GGCCCACGCCGAGGAGCGGCTCCTGAAGAAACTCTTCTCCGGTTACAACA5'  200

AGTGGTCCCGACCCGTGGCCAACATCTCGGACGTGGTCCTCGTCCGCTTC5'  250

GGCCTGTCCATCGCTCAGCTCATTGACGTGGATGAGAAGAACCAGATGAT5'  300

GACCACGAACGTATGGGTGAAGCAGGAGTGGCACGACTACAAGCTGCGCT5'  350

GGGACCCAGCTGACTATGAGAATGTCACCTCCATCCGCATCCCCTCCGAG5'  400

CTCATCTGGCGGCCGGACATCGTCCTCTACAACAATGCTGACGGGGACTT5'  450

CGCGGTCACCCACCTGACCAAGGCCCACCTGTTCCATGACGGGCGGGTGC5'  500

AGTGGACTCCCCCGGCCATTTACAAGAGCTCCTGCAGCATCGACGTCACC5'  550

TTCTTCCCCTTCGACCAGCAGAACTGCACCATGAAATTCGGCTCCTGGAC5'

 M  K  F  G  S  W  T

1 2 3 4 5 6 7

 600

CTACGACAAGGCCAAGATCGACCTGGTGAACATGCACAGCCGCGTGGACC5'

 Y  D  K  A  K  I  D  L  V  N  M  H  S  R  V  D

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

 650

AGCTGGACTTCTGGGAGAGTGGCGAGTGGGTCATCGTGGACGCCGTGGGC5'

 Q  L  D  F  W  E  S  G  E  W  V  I  V  D  A  V  G

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

 700

ACCTACAACACCAGGAAGTACGAGTGCTGCGCCGAGATCTACCCGGACAT5'

 T  Y  N  T  R  K  Y  E  C  C  A  E  I  Y  P  D  I

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57
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CACCTATGCCTTCGTCATCCGGCGGCTGCCGCTCTTCTACACCATCAACC5'

 T  Y  A  F  V  I  R  R  L  P  L  F  Y  T  I  N

58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73

 800

TCATCATCCCCTGCCTGCTCATCTCCTGCCTCACCGTGCTGGTCTTCTAC5'

 L  I  I  P  C  L  L  I  S  C  L  T  V  L  V  F  Y

74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90

 850

CTGCCCTCCGAGTGCGGCGAGAAGATCACGCTGTGCATCTCCGTGCTGCT5'

 L  P  S  E  C  G  E  K  I  T  L  C  I  S  V  L  L

91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107

 900

GTCGCTCACCGTCTTCCTGCTGCTCATCACCGAGATCATCCCGTCCACCT5'

 S  L  T  V  F  L  L  L  I  T  E  I  I  P  S  T

108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123

 950

CACTGGTCATCCCACTCATCGGCGAGTACCTGCTGTTCACCATGATCTTC5'

 S  L  V  I  P  L  I  G  E  Y  L  L  F  T  M  I  F

124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140

 1000

GTCACCCTGTCCATCGTCATCACGGTCTTCGTGCTCAACGTGCACCACCG5'

 V  T  L  S  I  V  I  T  V  F  V  L  N  V  H  H  R

141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157

 1050

CTCGCCACGCACGCACACCATGCCCACCTGGGTACGCAGGGTCTTCCTGG5'

 S  P  R  T  H  T  M  P  T  W  V  R  R  V  F  L

158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173

 1100

ACATCGTGCCACGCCTGCTCCTCATGAAGCGGCCGTCCGTGGTCAAGGAC5'

 D  I  V  P  R  L  L  L  M  K  R  P  S  V  V  K  D

174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190
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AATTGCCGGCGGCTCATCGAGTCCATGCATAAGATGGCCAGTGCCCCGCG5'

 N  C  R  R  L  I  E  S  M  H  K  M  A  S  A  P  R

191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207

 1200

CTTCTGGCCCGAGCCAGAAGGGGAGCCCCCTGCCACGAGCGGCACCCAGA5'

 F  W  P  E  P  E  G  E  P  P  A  T  S  G  T  Q

208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223

 1250

GCCTGCACCCTCCCTCACCGTCCTTCTGCGTCCCCCTGGATGTGCCGGCT5'

 S  L  H  P  P  S  P  S  F  C  V  P  L  D  V  P  A

224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240

 1300

GAGCCTGGGCCTTCCTGCAAGTCACCCTCCGACCAGCTCCCTCCTCAGCA5'

 E  P  G  P  S  C  K  S  P  S  D  Q  L  P  P  Q  Q

241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257

 1350

GCCCCTGGAAGCTGAGAAAGCCAGCCCCCACCCCTCGCCTGGACCCTGCC5'

 P  L  E  A  E  K  A  S  P  H  P  S  P  G  P  C

258 259 260 261 262 263 264 265 266 267 268 269 270 271 272 273

 1400

GCCCGTCCCACGGCACCCAGGCACCAGGGCTGGCCAAAGCCAGGTCCCTC5'

 R  P  S  H  G  T  Q  A  P  G  L  A  K  A  R  S  L

274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290

 1450

AGCGTCCAGCACATGTCCAGCCCTGGCGAAGCGGTGGAAGGCGGCGTCCG5'

 S  V  Q  H  M  S  S  P  G  E  A  V  E  G  G  V  R

291 292 293 294 295 296 297 298 299 300 301 302 303 304 305 306 307

 1500

GTGCCGGTCTCGGAGCATCCAGTACTGTGTTCCCCGAGACGATGCCGCCC5'

 C  R  S  R  S  I  Q  Y  C  V  P  R  D  D  A  A

308 309 310 311 312 313 314 315 316 317 318 319 320 321 322 323

 1550

CCGAGGCAGATGGCCAGGCTGCCGGCGCCCTGGCCTCTCGCAACACCCAC5'

 P  E  A  D  G  Q  A  A  G  A  L  A  S  R  N  T  H

324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340
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TCGGCTGAGCTCCCACCCCCAGACCAGCCCTCTCCGTGCAAATGCACATG5'

 S  A  E  L  P  P  P  D  Q  P  S  P  C  K  C  T  C

341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357

 1650

CAAGAAGGAGCCCTCTTCGGTGTCCCCGAGTGCCACGGTCAAGACCCGCA5'

 K  K  E  P  S  S  V  S  P  S  A  T  V  K  T  R

358 359 360 361 362 363 364 365 366 367 368 369 370 371 372 373

 1700

GCACCAAAGCACCGCCCCCGCACCTGCCCCTGTCGCCGGCCCTGACCCGG5'

 S  T  K  A  P  P  P  H  L  P  L  S  P  A  L  T  R

374 375 376 377 378 379 380 381 382 383 384 385 386 387 388 389 390

 1750

GCGGTGGAGGGCGTCCAGTACATTGCAGACCACCTGAAGGCCGAAGACAC5'

 A  V  E  G  V  Q  Y  I  A  D  H  L  K  A  E  D  T

391 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407

 1800

AGACTTCTCGGTGAAGGAGGACTGGAAGTACGTGGCCATGGTCATCGACC5'

 D  F  S  V  K  E  D  W  K  Y  V  A  M  V  I  D

408 409 410 411 412 413 414 415 416 417 418 419 420 421 422 423

 1850

GCATCTTCCTCTGGATGTTCATCATCGTCTGCCTGCTGGGGACGGTGGGC5'

 R  I  F  L  W  M  F  I  I  V  C  L  L  G  T  V  G

424 425 426 427 428 429 430 431 432 433 434 435 436 437 438 439 440

 1900

CTCTTCCTGCCGCCCTGGCTGGCTGGCATGATCTAGGAAGGGACCGGGAG5'

 L  F  L  P  P  W  L  A  G  M  I

441 442 443 444 445 446 447 448 449 450 451

 1950

CCGCGTGGCCTGGGGCTGCCGTGCACGGGGCCAGCATTTGGTTACCANTA5'  2000

AACCAGCCTCAAGAACACCCGAATGGGGTNTTTAAGGTACATAATNCCAA5'  2050

NTTACANTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTTGTATNTGN5'  2100

TCCTAATAAAAAGAAAGTTTTTTCACATTTTAAAAAAAAAAAAAAAAAAA5'  2150

AAAAAAAAAAAAAACCCCCCCCCCCCCCCCCCTGCAGGTCG5'
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Figure 2. Human nAChR α5 in pEF6/myc-His A. 
The cDNA fragment for the human nAChR α5 subunit was amplified with primers 
containing EcoRV restriction site and inserted at the EcoRV site of the expression vector 
pEF6/myc-His A.  Diagram of human α5 nAChR cloned into pEF6/myc-His A conferring 
resistance to blasticydin (A.).  cDNA and protein sequences of human α5 nAChR cloned 
into pEF6/Myc His A (B.).   
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Figure 2B. cDNA and protein sequences of human nAChR α5 nAChR subunit that was 
cloned into pEF6/myc-His A.  Translated regions are shown. 
 

 
 

ATTCCGGGAGCTGTGGCGCGGAGCGGCCCCTCTGCTGCGTCTGCCCTCGT5'  50

TTTGTCTCACGACTCACACTCAGTGCTCCATTCCCCAAGAGTTCGCGTTC5'  100

CCCGCGCGGCGGTCGAGAGGCGGCTGCCCGCGGTCCCGCGCGGGCGCGGG5'  150

GCGATGGCGGCGCGGGGGTCAGGGCCCCGCGCGCTCCGCCTGCTGCTCTT5'

 M  A  A  R  G  S  G  P  R  A  L  R  L  L  L  L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

 200

GGTCCAGCTGGTCGCGGGGCGCTGCGGTCTANCGGGCGCGGCGGGCGGCG5'

 V  Q  L  V  A  G  R  C  G  L  X  G  A  A  G  G

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

 250

CGCANAGAGGATTATCTGAACCTTCTTCTATTGCAAAACATGAAGATAGT5'

 A  X  R  G  L  S  E  P  S  S  I  A  K  H  E  D  S

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

 300

TTGCTTAAGGATTTATTTCAAGACTACGAAAGATGGGTTCGTCCTGTGGA5'

 L  L  K  D  L  F  Q  D  Y  E  R  W  V  R  P  V  E

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66

 350

ACACCTGAATGACAAAATAAAAATAAAATTTGGACTTGCAATATCTCAAT5'

 H  L  N  D  K  I  K  I  K  F  G  L  A  I  S  Q

67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82

 400

TGGTGGATGTGGATGAGAAAAATCAGTTAATGACAACAAACGTCTGGTTG5'

 L  V  D  V  D  E  K  N  Q  L  M  T  T  N  V  W  L

83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

 450

AAACAGGAATGGATAGATGTAAAATTAAGATGGAACCCTGATGACTATGG5'

 K  Q  E  W  I  D  V  K  L  R  W  N  P  D  D  Y  G

100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116
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TGGAATAAAAGTTATACGTGTTCCTTCAGACTCTGTCTGGACACCAGACA5'

 G  I  K  V  I  R  V  P  S  D  S  V  W  T  P  D

117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132

 550

TCGTTTTGTTTGATAATGCAGATGGACGTTTTGAAGGGACCAGTACGAAA5'

 I  V  L  F  D  N  A  D  G  R  F  E  G  T  S  T  K

133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149

 600

ACAGTCATCAGGTACAATGGCACTGTCACCTGGACTCCACCGGCAAACTA5'

 T  V  I  R  Y  N  G  T  V  T  W  T  P  P  A  N  Y

150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166

 650

CAAAAGTTCCTGTACCATAGATGTCACGTTTTTCCCATTTGACCTTCAGA5'

 K  S  S  C  T  I  D  V  T  F  F  P  F  D  L  Q

167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182

 700

ACTGTTCCATGAAATTTGGTTCTTGGACTTATGATGGATCACAGGTTGAT5'

 N  C  S  M  K  F  G  S  W  T  Y  D  G  S  Q  V  D

183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199

 750

ATAATTCTAGAGGACCAAGATGTAGACAAGAGAGATTTTTTTGATAATGG5'

 I  I  L  E  D  Q  D  V  D  K  R  D  F  F  D  N  G

200 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216

 800

AGAATGGGAGATTGTGAGTGCAACAGGGAGCAAAGGAAACAGAACCGACA5'

 E  W  E  I  V  S  A  T  G  S  K  G  N  R  T  D

217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232

 850

GCTGTTGCTGGTATCCGTATGTCACTTACTCATTTGTAATCAAGCGCCTG5'

 S  C  C  W  Y  P  Y  V  T  Y  S  F  V  I  K  R  L

233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249
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CCTCTCTTTTATACCTTGTTCCTTATAATACCCTGTATTGGGCTCTCATT5'

 P  L  F  Y  T  L  F  L  I  I  P  C  I  G  L  S  F

250 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265 266

 950

TTTAACTGTACTTGTCTTCTATCTTCCTTCAAATGAAGGTGAAAAGATTT5'

 L  T  V  L  V  F  Y  L  P  S  N  E  G  E  K  I

267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282

 1000

GTCTCTGCACTTCAGTACTTGTGTCTTTGACTGTCTTCCTTCTGGTTATT5'

 C  L  C  T  S  V  L  V  S  L  T  V  F  L  L  V  I

283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299

 1050

GAAGAGATCATACCATCATCTTCAAAAGTCATACCTCTAATTGGAGAGTA5'

 E  E  I  I  P  S  S  S  K  V  I  P  L  I  G  E  Y

300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316

 1100

TCTGGTATTTACCATGATTTTTGTGACACTGTCAATTATGGTAACCGTCT5'

 L  V  F  T  M  I  F  V  T  L  S  I  M  V  T  V

317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332

 1150

TCGCTATCAACATTCATCATCGTTCTTCCTCAACACATAATGCCATGGCG5'

 F  A  I  N  I  H  H  R  S  S  S  T  H  N  A  M  A

333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349

 1200

CCTTTGGTCCGCAAGATATTTCTTCACACGCTTCCCAAACTGCTTTGCAT5'

 P  L  V  R  K  I  F  L  H  T  L  P  K  L  L  C  M

350 351 352 353 354 355 356 357 358 359 360 361 362 363 364 365 366

 1250

GAGAAGTCATGTAGACAGGTACTTCACTCAGAAAGAGGAAACTGAGAGTG5'

 R  S  H  V  D  R  Y  F  T  Q  K  E  E  T  E  S

367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382
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GTAGTGGACCAAAATCTTCTAGAAACACATTGGAAGCTGCGCTCGATTCT5'

 G  S  G  P  K  S  S  R  N  T  L  E  A  A  L  D  S

383 384 385 386 387 388 389 390 391 392 393 394 395 396 397 398 399

 1350

ATTCGCTACATTACAACACACATCATGAAGGAAAATGATGTCCGTGAGGT5'

 I  R  Y  I  T  T  H  I  M  K  E  N  D  V  R  E  V

400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416

 1400

TGTTGAAGATTGGAAATTCATAGCCCAGGTTCTTGATCGGATGTTTCTGT5'

 V  E  D  W  K  F  I  A  Q  V  L  D  R  M  F  L

417 418 419 420 421 422 423 424 425 426 427 428 429 430 431 432

 1450

GGACTTTTCTTTTCGTTTCAATTGTTGGATCTCTTGGGCTTTTTGTTCCT5'

 W  T  F  L  F  V  S  I  V  G  S  L  G  L  F  V  P

433 434 435 436 437 438 439 440 441 442 443 444 445 446 447 448 449

 1500

GTTATTTATAAATGGGCAAATATATTAATACCAGTTCATATTGGAAATGC5'

 V  I  Y  K  W  A  N  I  L  I  P  V  H  I  G  N  A

450 451 452 453 454 455 456 457 458 459 460 461 462 463 464 465 466

 1550

AAATAAGTGAAGCCTCCCAAGGGACTGAAGTATACATTTAGTTAACACAC5'

 N  K

467 468

 1600

ATATATCTGATGGCACCTATAAAATTATGAAAATGTAAGTTATGTGTTAA5'  1650

ATTTAGTGCAAGCT5'
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Figure 3. Human α6 nAChR α6 pcDNA3.1/Hygro. 
The cDNA for human nAChR α6 subunit was amplified with primers containing XhoI 
restriction sites and cloned into the pcDNA3.1 bacterial expression vector conferring 
resistance to hygromycin.  Diagram of human α6 nAChR cloned into pcDNA3.1/Hygro 
(A.).  cDNA and protein sequences of human α6 nAChR cloned into pcDNA3.1/Hygro 
(B.).  
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Figure 3B.  cDNA and protein sequences of human nAChR α6 cDNA cloned into 
pcDNA3.1/Hygro.  Translated regions are shown. 
 

 

CGGGTTTTGATTTCTGAGAAGACACACACGGATTGCAGTGGGCTTCTGAT5'  50
GATGTCAAGGTTGGATGCATGTGGCTGACTGATAGCTCTTTGTTTTCCAC5'  100
AATCCTTTGCCTAGGAAAAAGGAATCCAAGTGTGTTTTAACCATGCTGAC5'

 M  L  T

1 2 3

 150

CAGCAAGGGGCAGGGATTCCTTCATGGGGGCTTGTGTCTCTGGCTGTGTG5'

 S  K  G  Q  G  F  L  H  G  G  L  C  L  W  L  C

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

 200

TGTTCACACCTTTCTTTAAAGGCTGTGTGGGCTGTGCAACTGAGGAGAGG5'

 V  F  T  P  F  F  K  G  C  V  G  C  A  T  E  E  R

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

 250

CTCTTCCACAAACTGTTTTCTCATTACAACCAGTTCATCAGGCCTGTGGA5'

 L  F  H  K  L  F  S  H  Y  N  Q  F  I  R  P  V  E

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53

 300

AAACGTTTCCGACCCTGTCACGGTACACTTTGAAGTGGCCATCACCCAGC5'

 N  V  S  D  P  V  T  V  H  F  E  V  A  I  T  Q

54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69

 350

TGGCCAACGTGGATGAAGTAAACCAGATCATGGAAACCAATTTGTGGCTG5'

 L  A  N  V  D  E  V  N  Q  I  M  E  T  N  L  W  L

70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

 400

CGTCACATCTGGAATGATTATAAATTGCGCTGGGATCCAATGGAATATGA5'

 R  H  I  W  N  D  Y  K  L  R  W  D  P  M  E  Y  D

87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

 450

TGGCATTGAGACTCTTCGCGTTCCTGCAGATAAGATTTGGAAGCCCGACA5'

 G  I  E  T  L  R  V  P  A  D  K  I  W  K  P  D

104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119

 500

TTGTTCTCTATAACAATGCTGTTGGTGACTTCCAAGTAGAAGGCAAAACA5'

 I  V  L  Y  N  N  A  V  G  D  F  Q  V  E  G  K  T

120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136

 550

AAAGCTCTTCTTAAATACAATGGCATGATAACCTGGACTCCACCAGCTAT5'

 K  A  L  L  K  Y  N  G  M  I  T  W  T  P  P  A  I

137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153
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TTTTAAGAGTTCCTGCCCTATGGATATCACCTTTTTCCCTTTTGATCATC5'

 F  K  S  S  C  P  M  D  I  T  F  F  P  F  D  H

154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169

 650

AAAACTGTTCCCTAAAATTTGGTTCCTGGACGTATGACAAAGCTGAAATT5'

 Q  N  C  S  L  K  F  G  S  W  T  Y  D  K  A  E  I

170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186

 700

GATCTTCTAATCATTGGATCAAAAGTGGATATGAATGATTTTTGGGAAAA5'

 D  L  L  I  I  G  S  K  V  D  M  N  D  F  W  E  N

187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203

 750

CAGTGAATGGGAAATCATTGATGCCTCTGGCTACAAACATGACATCAAAT5'

 S  E  W  E  I  I  D  A  S  G  Y  K  H  D  I  K

204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219

 800

ACAACTGTTGTGAAGAGATATACACAGATATAACCTATTCTTTCTACATT5'

 Y  N  C  C  E  E  I  Y  T  D  I  T  Y  S  F  Y  I

220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236

 850

AGAAGATTGCCGATGTTTTACACGATTAATCTGATCATCCCTTGTCTCTT5'

 R  R  L  P  M  F  Y  T  I  N  L  I  I  P  C  L  F

237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253

 900

TATTTCATTTCTAACCGTGTTGGTCTTTTACCTTCCTTCGGACTGTGGTG5'

 I  S  F  L  T  V  L  V  F  Y  L  P  S  D  C  G

254 255 256 257 258 259 260 261 262 263 264 265 266 267 268 269

 950

AAAAAGTGACGCTTTGTATTTCAGTCCTGCTTTCTCTGACTGTGTTTTTG5'

 E  K  V  T  L  C  I  S  V  L  L  S  L  T  V  F  L

270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286

 1000

CTGGTCATCACAGAAACCATCCCATCCACATCTCTGGTGGTCCCACTGGT5'

 L  V  I  T  E  T  I  P  S  T  S  L  V  V  P  L  V

287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 303

 1050

GGGTGAGTACCTGCTGTTCACCATGATCTTTGTCACACTGTCCATCGTGG5'

 G  E  Y  L  L  F  T  M  I  F  V  T  L  S  I  V

304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319

 1100

TGACTGTGTTTGTGTTGAACATACACTACCGCACCCCAACCACGCACACA5'

 V  T  V  F  V  L  N  I  H  Y  R  T  P  T  T  H  T

320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336
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ATGCCCAGGTGGGTGAAGACAGTTTTCCTGAAGCTGCTGCCCCAGGTCCT5'

 M  P  R  W  V  K  T  V  F  L  K  L  L  P  Q  V  L

337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353

 1200

GCTGATGAGGTGGCCTCTGGACAAGACAAGGGGCACAGGCTCTGATGCAG5'

 L  M  R  W  P  L  D  K  T  R  G  T  G  S  D  A

354 355 356 357 358 359 360 361 362 363 364 365 366 367 368 369

 1250

TGCCCAGAGGCCTTGCCAGGAGGCCTGCCAAAGGCAAGCTTGCAAGCCAT5'

 V  P  R  G  L  A  R  R  P  A  K  G  K  L  A  S  H

370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 386

 1300

GGGGAACCCAGACATCTTAAAGAATGCTTCCATTGTCACAAATCAAATGA5'

 G  E  P  R  H  L  K  E  C  F  H  C  H  K  S  N  E

387 388 389 390 391 392 393 394 395 396 397 398 399 400 401 402 403

 1350

GCTTGCCACAAGCAAGAGAAGATTAAGTCATCAGCCATTACAGTGGGTGG5'

 L  A  T  S  K  R  R  L  S  H  Q  P  L  Q  W  V

404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419

 1400

TGGAAAATTCGGAGCACTCGCCTGAAGTTGAAGATGTGATTAACAGTGTT5'

 V  E  N  S  E  H  S  P  E  V  E  D  V  I  N  S  V

420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435 436

 1450

CAGTTCATAGCAGAAAACATGAAGAGCCACAATGAAACCAAGGAGGTAGA5'

 Q  F  I  A  E  N  M  K  S  H  N  E  T  K  E  V  E

437 438 439 440 441 442 443 444 445 446 447 448 449 450 451 452 453

 1500

AGATGACTGGAAATACGTGGCCATGGTGGTGGACAGAGTATTTCTTTGGG5'

 D  D  W  K  Y  V  A  M  V  V  D  R  V  F  L  W

454 455 456 457 458 459 460 461 462 463 464 465 466 467 468 469

 1550

TATTTATAATTGTCTGTGTATTTGGAACTGCAGGGCTATTTCTACAGCCA5'

 V  F  I  I  V  C  V  F  G  T  A  G  L  F  L  Q  P

470 471 472 473 474 475 476 477 478 479 480 481 482 483 484 485 486

 1600

CTACTTGGGAACACAGGAAAATCTTAAAATGTATTTTCTTTTATGTTCAG5'

 L  L  G  N  T  G  K  S  .

487 488 489 490 491 492 493 494 495

 1650

AAATTTACAGACACCATATTTGTTCTGCATTCCCTGCCACAAGGAAAGGA5'  1700
AAGCAAAGGCTTCCCACCCAAGTCCCCCATCTGCTAAAACCCG5'
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Figure 4. Human nAChR β2 pcDNA3.1/Zeo and pcDNA3.1/Hygro.  
The cDNA fragment for the human nAChR β2 subunit was subcloned from psPoD 
vector, blunt-ended and inserted at the EcoRV site of pcDNA3.1/Zeo or 
pcDNA3.1/Hygro expression vectors.  Diagram of human β2 nAChR cloned into 
pcDNA3.1 conferring resistance to zeocin/hygromycin (A.).  cDNA and protein 
sequences of human β2 nAChR cloned into pcDNA3.1/Zeo and pcDNA3.1/Hygro (B.).   
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Figure 4B. cDNA and protein sequences of human nAChR β2 that was cloned into 
pcDNA3.1/Zeo or pcDNA3.1/Hygro.  Translated regions are shown. 
 

GATCTGCCCGCGGCATGGCCCGGCGCTGCGGCCCCGTGGCGCTGCTCCTT5'

 M  A  R  R  C  G  P  V  A  L  L  L

1 2 3 4 5 6 7 8 9 10 11 12

 50

GGCTTCGGCCTCCTCCGGCTGTGCTCAGGGGTGTGGGGTGCGGATACAGA5'

 G  F  G  L  L  R  L  C  S  G  V  W  G  A  D  T  E

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

 100

GGAGCGGCTGGTGGAGCATCTCCTGGATCCTTCCCGCTACAACAAGCTTA5'

 E  R  L  V  E  H  L  L  D  P  S  R  Y  N  K  L

30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

 150

TCCGCCCAGCCACCAATGGCTCTGAGCTGGTGACAGTACAGCTTATGGTG5'

 I  R  P  A  T  N  G  S  E  L  V  T  V  Q  L  M  V

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62

 200

TCACTGGCCCAGCTCATCAGTGTGCATGAGCGGGAGCAGATCATGACCAC5'

 S  L  A  Q  L  I  S  V  H  E  R  E  Q  I  M  T  T

63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79

 250

CAATGTCTGGCTGACCCAGGAGTGGGAAGATTATCGCCTCACCTGGAAGC5'

 N  V  W  L  T  Q  E  W  E  D  Y  R  L  T  W  K

80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95

 300

CTGAAGAGTTTGACAACATGAAGAAAGTTCGGCTCCCTTCCAAACACATC5'

 P  E  E  F  D  N  M  K  K  V  R  L  P  S  K  H  I

96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112

 350

TGGCTCCCAGATGTGGTCCTGTACAACAATGCTGACGGCATGTACGAGGT5'

 W  L  P  D  V  V  L  Y  N  N  A  D  G  M  Y  E  V

113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129
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GTCCTTCTATTCCAATGCCGTGGTCTCCTATGATGGCAGCATCTTCTGGC5'

 S  F  Y  S  N  A  V  V  S  Y  D  G  S  I  F  W

130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145

 450

TGCCGCCTGCCATCTACAAGAGCGCATGCAAGATTGAAGTAAAGCACTTC5'

 L  P  P  A  I  Y  K  S  A  C  K  I  E  V  K  H  F

146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162

 500

CCATTTGACCAGCAGAACTGCACCATGAAGCTCCGTTCGTGGACCTACGA5'

 P  F  D  Q  Q  N  C  T  M  K  L  R  S  W  T  Y  D

163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179

 550

CCGCACAGAGATCGACTTGGTGCTGAAGAGTGAGGTGGCCAGCCTAGACG5'

 R  T  E  I  D  L  V  L  K  S  E  V  A  S  L  D

180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195

 600

ACTTCACACCTAGTGGTGAGTGGGACATCGTGGCGCTGCCGGGCCGGCGC5'

 D  F  T  P  S  G  E  W  D  I  V  A  L  P  G  R  R

196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212

 650

AACGAGAACCCCGACGACTCTACGTACGTGGACATCACGTATGACTTCAT5'

 N  E  N  P  D  D  S  T  Y  V  D  I  T  Y  D  F  I

213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229

 700

CATTCGCCGCAAGCCGCTCTTCTACACCATCAACCTCATCATCCCCTGTG5'

 I  R  R  K  P  L  F  Y  T  I  N  L  I  I  P  C

230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245

 750

TGCTCATCACCTCGCTAGCCATCCTTGCCTTCTACCTGCCATCCGACTGT5'

 V  L  I  T  S  L  A  I  L  A  F  Y  L  P  S  D  C

246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262
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GGCGAGAAGATGACGTTGTGCATCTCAGTGCTGCTGGCGCTCACGGTCTT5'

 G  E  K  M  T  L  C  I  S  V  L  L  A  L  T  V  F

263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279

 850

CCTGCTGCTCATCTCCAAGATCGTGCCTCCCACCTCCCTCGACGTGCCGC5'

 L  L  L  I  S  K  I  V  P  P  T  S  L  D  V  P

280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295

 900

TCGTCGGCAAGTACCTCATGTTCACCATGGTGCTTGTCACCTTCTCCATC5'

 L  V  G  K  Y  L  M  F  T  M  V  L  V  T  F  S  I

296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312

 950

GTCACCAGCGTGTGCGTGCTCAACGTGCACCACCGCTCGCCCACCACGCA5'

 V  T  S  V  C  V  L  N  V  H  H  R  S  P  T  T  H

313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329

 1000

CACCATGGCGCCCTGGGTGAAGGTCGTCTTCCTGGAGAAGCTGCCCGCGC5'

 T  M  A  P  W  V  K  V  V  F  L  E  K  L  P  A

330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345

 1050

TGCTCTTCATGCAGCAGCCACGCCATCATTGCGCCCGTCAGCGCCTGCGC5'

 L  L  F  M  Q  Q  P  R  H  H  C  A  R  Q  R  L  R

346 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362

 1100

CTGCGGCGACGCCAGCGTGAGCGCGAGGGCGCTGGAGCCCTCTTCTTCCG5'

 L  R  R  R  Q  R  E  R  E  G  A  G  A  L  F  F  R

363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379

 1150

CGAAGCCCCAGGGGCCGACTCCTGCACGTGCTTCGTCAACCGCGCGTCGG5'

 E  A  P  G  A  D  S  C  T  C  F  V  N  R  A  S

380 381 382 383 384 385 386 387 388 389 390 391 392 393 394 395
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TGCAGGGGTTGGCCGGGGCCTTCGGGGCTGAGCCTGCACCAGTGGCGGGC5'

 V  Q  G  L  A  G  A  F  G  A  E  P  A  P  V  A  G

396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412

 1250

CCCGGGCGCTCAGGGGAGCCGTGTGGCTGTGGCCTCCGGGAGGCGGTGGA5'

 P  G  R  S  G  E  P  C  G  C  G  L  R  E  A  V  D

413 414 415 416 417 418 419 420 421 422 423 424 425 426 427 428 429

 1300

CGGCGTGCGTTTCATCGCAGACCACATGCGGAGCGAGGACGATGACCAGA5'

 G  V  R  F  I  A  D  H  M  R  S  E  D  D  D  Q

430 431 432 433 434 435 436 437 438 439 440 441 442 443 444 445

 1350

GCGTGAGTGTGGACTGGAAGTACGTCGCCATGGTGATCGACCGCCTCTTC5'

 S  V  S  V  D  W  K  Y  V  A  M  V  I  D  R  L  F

446 447 448 449 450 451 452 453 454 455 456 457 458 459 460 461 462

 1400

CTCTGGATCTTTGTCTTTGTCTGTGTCTTTGGCACCATCGGCATGTTCCT5'

 L  W  I  F  V  F  V  C  V  F  G  T  I  G  M  F  L

463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479

 1450

GCAGCCTCTCTTCCAGAACTACACCACCACCACCTTCCTCCACTCAGACC5'

 Q  P  L  F  Q  N  Y  T  T  T  T  F  L  H  S  D

480 481 482 483 484 485 486 487 488 489 490 491 492 493 494 495

 1500

ACTCAGCCCCCAGCTCCAAGTGAGGCCCTTCCAGATC5'

 H  S  A  P  S  S  K

496 497 498 499 500 501 502
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Figure 5. Human nAChR β3 pcDNA3.1/Neo.  
The cDNA fragment for the human nAChR β3 subunit was amplified with primers 
containing Hind III (5’) and EcoRI (3’) restriction sites and cloned into the expression 
vector pcDNA3.1/Neo.  Diagram of human β3 nAChR cloned into pcDNA3.1 conferring 
resistance to neomycin (A.).  cDNA and protein sequences of human β3 nAChR cloned 
into pcDNA3.1/Neo (B.).  
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Figure 5B. cDNA and protein sequences of human nAChR β3 that was cloned into 
pcDNA3.1/Neo.  Translated regions are shown. 

 

AACCCCCTTTTCCAGTGGAAATGCTCTGTTGTTAAAAAGGAAGAAACTGT5'  50

CTTTCTGAAACTGACATCACGATGCTCCCAGATTTTATGCTGGTTCTCAT5'

 M  L  P  D  F  M  L  V  L  I

1 2 3 4 5 6 7 8 9 10

 100

CGTCCTTGGCATCCCTTCCTCAGCCACCACAGGTTTCAACTCAATCGCCG5'

 V  L  G  I  P  S  S  A  T  T  G  F  N  S  I  A

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

 150

AAAATGAAGATGCCCTCCTCAGACATTTGTTCCAAGGTTATCAGAAATGG5'

 E  N  E  D  A  L  L  R  H  L  F  Q  G  Y  Q  K  W

27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43

 200

GTCCGCCCTGTATTACATTCTAATGACACCATAAAAGTATATTTTGGATT5'

 V  R  P  V  L  H  S  N  D  T  I  K  V  Y  F  G  L

44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

 250

GAAAATATCCCAGCTTGTAGATGTGGATGAAAAGAATCAGCTGATGACAA5'

 K  I  S  Q  L  V  D  V  D  E  K  N  Q  L  M  T

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76

 300

CCAATGTGTGGCTCAAACAGGAATGGACAGACCACAAGTTACGCTGGAAT5'

 T  N  V  W  L  K  Q  E  W  T  D  H  K  L  R  W  N

77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93

 350

CCTGATGATTATGGTGGGATCCATTCCATTAAAGTTCCATCAGAATCTCT5'

 P  D  D  Y  G  G  I  H  S  I  K  V  P  S  E  S  L

94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110

 400

GTGGCTTCCTGACATAGTTCTCTTTGAAAATGCTGACGGCCGCTTCGAAG5'

 W  L  P  D  I  V  L  F  E  N  A  D  G  R  F  E

111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126

 450

GCTCCCTGATGACCAAGGTCATCGTGAAATCAAACGGAACTGTTGTCTGG5'

 G  S  L  M  T  K  V  I  V  K  S  N  G  T  V  V  W

127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143
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ACCCCTCCCGCCAGCTACAAAAGCTCCTGCACCATGGACGTCACGTTTTT5'

 T  P  P  A  S  Y  K  S  S  C  T  M  D  V  T  F  F

144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160

 550

CCCGTTCGACCGACAGAACTGCTCCATGAAGTTTGGATCCTGGACTTATG5'

 P  F  D  R  Q  N  C  S  M  K  F  G  S  W  T  Y

161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176

 600

ATGGCACCATGGTTGACCTCATTTTGATCAATGAAAATGTCGACAGAAAA5'

 D  G  T  M  V  D  L  I  L  I  N  E  N  V  D  R  K

177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193

 650

GACTTCTTCGATAACGGAGAATGGGAAATACTGAATGCAAAGGGGATGAA5'

 D  F  F  D  N  G  E  W  E  I  L  N  A  K  G  M  K

194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210

 700

GGGGAACAGAAGGGACGGCGTGTACTCCTATCCCTTTATCACGTATTCCT5'

 G  N  R  R  D  G  V  Y  S  Y  P  F  I  T  Y  S

211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226

 750

TCGTCCTGAGACGCCTGCCTTTATTCTATACCCTCTTTCTCATCATCCCC5'

 F  V  L  R  R  L  P  L  F  Y  T  L  F  L  I  I  P

227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 243

 800

TGCCTGGGGCTGTCTTTCCTAACAGTTCTTGTGTTCTATTTACCTTCGGA5'

 C  L  G  L  S  F  L  T  V  L  V  F  Y  L  P  S  D

244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260

 850

TGAAGGAGAAAAACTTTCATTATCCACATCGGTCTTGGTTTCTCTGACAG5'

 E  G  E  K  L  S  L  S  T  S  V  L  V  S  L  T

261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276

 900

TTTTCCTTTTAGTGATTGAAGAAATCATCCCATCGTCTTCCAAAGTCATT5'

 V  F  L  L  V  I  E  E  I  I  P  S  S  S  K  V  I

277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293
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CCTCTCATTGGAGAGTACCTGCTGTTCATCATGATTTTTGTGACCCTGTC5'

 P  L  I  G  E  Y  L  L  F  I  M  I  F  V  T  L  S

294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310

 1000

CATCATTGTTACCGTGTTTGTCATTAACGTTCACCACAGATCTTCTTCCA5'

 I  I  V  T  V  F  V  I  N  V  H  H  R  S  S  S

311 312 313 314 315 316 317 318 319 320 321 322 323 324 325 326

 1050

CGTACCACCCCATGGCCCCCTGGGTTAAGAGGCTCTTTCTGCAGAAACTT5'

 T  Y  H  P  M  A  P  W  V  K  R  L  F  L  Q  K  L

327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343

 1100

CCAAAATTACTTTGCATGAAAGATCATGTGGATCGCTACTCATCCCCAGA5'

 P  K  L  L  C  M  K  D  H  V  D  R  Y  S  S  P  E

344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 360

 1150

GAAAGAGGAGAGTCAACCAGTAGTGAAAGGCAAAGTCCTCGAAAAAAAGA5'

 K  E  E  S  Q  P  V  V  K  G  K  V  L  E  K  K

361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376

 1200

AACAGAAACAGCTTAGTGATGGAGAAAAAGTTCTAGTTGCTTTTTTGGAA5'

 K  Q  K  Q  L  S  D  G  E  K  V  L  V  A  F  L  E

377 378 379 380 381 382 383 384 385 386 387 388 389 390 391 392 393

 1250

AAAGCTGCTGATTCCATTAGATACATTTCCAGACATGTGAAGAAAGAACA5'

 K  A  A  D  S  I  R  Y  I  S  R  H  V  K  K  E  H

394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410

 1300

TTTTATCAGCCAGGTAGTACAAGACTGGAAATTTGTAGCTCAAGTTCTTG5'

 F  I  S  Q  V  V  Q  D  W  K  F  V  A  Q  V  L

411 412 413 414 415 416 417 418 419 420 421 422 423 424 425 426

 1350

ACCGAATCTTCCTGTGGCTCTTTCTGATAGTGTCAGTAACAGGCTCGGTT5'

 D  R  I  F  L  W  L  F  L  I  V  S  V  T  G  S  V

427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442 443
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CTGATTTTTACCCCTGCTTTGAAGATGTGGCTACATAGTTACCATTAGGA5'

 L  I  F  T  P  A  L  K  M  W  L  H  S  Y  H

444 445 446 447 448 449 450 451 452 453 454 455 456 457 458

 1450

ATTTAAAAGACATAAGACTAAATTACACCTTAGACCTGACATCTGGCTAT5'  1500

CACACAGACAGAATCCAAATGCATGTGCTTGTTCTACGAACCCCGAATGC5'  1550

G5'
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Figure 6. Human nAChR β4 pcDNA3.1/Zeo.  
The cDNA fragment for the human nAChR β4 subunit was amplified with primers 
containing EcoRI (5’) and XhoI (3’) restriction sites and cloned into the expression 
vector pcDNA3.1/Zeo.  Diagram of human β4 nAChR cloned into pcDNA3.1 conferring 
resistance to zeocin (A.).  cDNA and protein sequences of human β4 nAChR cloned into 
pcDNA3.1/Zeo (B.).  
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Figure 6B.  cDNA and protein sequences of human nAChR β4 cloned into 
pcDNA3.1/Zeo.  Translated regions are shown. 
 

 
 
 
 

AATTCGGCACGAGCCGCCAGCAAACCTCGGGGGCCAGGACCGGCGCTCAC5'  50

TCGACCGCGCGGCTCACGGGTGCCCTGTGACCCCACAGCGGAGCTCGCGG5'  100

CGGCTGCCACCCGGCCCCGCCGGCCATGAGGCGCGCGCCTTCCCTGGTCC5'

 M  R  R  A  P  S  L  V

1 2 3 4 5 6 7 8

 150

TTTTCTTCCTGGTCGCCCTTTGCGGGCGCGGGAACTGCCGCGTGGCCAAT5'

 L  F  F  L  V  A  L  C  G  R  G  N  C  R  V  A  N

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

 200

GCGGAGGAAAAGCTGATGGACGACCTTCTGAACAAAACCCGTTACAATAA5'

 A  E  E  K  L  M  D  D  L  L  N  K  T  R  Y  N  N

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

 250

CCTGATCCGCCCAGCCACCAGCTCCTCACAGCTCATCTCCATCAAGCTGC5'

 L  I  R  P  A  T  S  S  S  Q  L  I  S  I  K  L

43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58

 300

AGCTCTCCCTGGCCCAGCTTATCAGCGTGAATGAGCGAGAGCAGATCATG5'

 Q  L  S  L  A  Q  L  I  S  V  N  E  R  E  Q  I  M

59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

 350

ACCACCAATGTCTGGCTGAAACAGGAATGGACTGATTACCGCCTGACCTG5'

 T  T  N  V  W  L  K  Q  E  W  T  D  Y  R  L  T  W

76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92

 400

GAACAGCTCCCGCTACGAGGGTGTGAACATCCTGAGGATCCCTGCAAAGC5'

 N  S  S  R  Y  E  G  V  N  I  L  R  I  P  A  K

93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108
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GCATCTGGTTGCCTGACATCGTGCTTTACAACAACGCCGACGGGACCTAT5'

 R  I  W  L  P  D  I  V  L  Y  N  N  A  D  G  T  Y

109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125

 500

GAGGTGTCTGTCTACACCAACTTGATAGTCCGGTCCAACGGCAGCGTCCT5'

 E  V  S  V  Y  T  N  L  I  V  R  S  N  G  S  V  L

126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142

 550

GTGGCTGCCCCCTGCCATCTACAAGAGCGCCTGCAAGATTGAGGTGAAGT5'

 W  L  P  P  A  I  Y  K  S  A  C  K  I  E  V  K

143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158

 600

ACTTTCCCTTCGACCAGCAGAACTGCACCCTCAAGTTCCGCTCCTGGACC5'

 Y  F  P  F  D  Q  Q  N  C  T  L  K  F  R  S  W  T

159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175

 650

TATGACCACACGGAGATAGACATGGTCCTCATGACGCCCACAGCCAGCAT5'

 Y  D  H  T  E  I  D  M  V  L  M  T  P  T  A  S  M

176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192

 700

GGATGACTTTACTCCCAGTGGTGAGTGGGACATAGTGGCCCTCCCAGGGA5'

 D  D  F  T  P  S  G  E  W  D  I  V  A  L  P  G

193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208

 750

GAAGGACAGTGAACCCACAAGACCCCAGCTACGTGGACGTGACTTACGAC5'

 R  R  T  V  N  P  Q  D  P  S  Y  V  D  V  T  Y  D

209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225

 800

TTCATCATCAAGCGCAAGCCTCTGTTCTACACCATCAACCTCATCATCCC5'

 F  I  I  K  R  K  P  L  F  Y  T  I  N  L  I  I  P

226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242
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TTCATCATCAAGCGCAAGCCTCTGTTCTACACCATCAACCTCATCATCCC5'

 F  I  I  K  R  K  P  L  F  Y  T  I  N  L  I  I  P

226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242

 850

CTGCGTGCTCACCACCTTGCTGGCCATCCTCGTCTTCTACCTGCCATCCG5'

 C  V  L  T  T  L  L  A  I  L  V  F  Y  L  P  S

243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258

 900

ACTGCGGCGAGAAGATGACACTGTGCATCTCAGTGCTGCTGGCACTGACA5'

 D  C  G  E  K  M  T  L  C  I  S  V  L  L  A  L  T

259 260 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275

 950

TTCTTCCTGCTGCTCATCTCCAAGATCGTGCCACCCACCTCCCTCGATGT5'

 F  F  L  L  L  I  S  K  I  V  P  P  T  S  L  D  V

276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292

 1000

GCCTCTCATCGGCAAGTACCTCATGTTCACCATGGTGCTGGTCACCTTCT5'

 P  L  I  G  K  Y  L  M  F  T  M  V  L  V  T  F

293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308

 1050

CCATCGTCACCAGCGTCTGTGTGCTCAATGTGCACCACCGCTCGCCCAGC5'

 S  I  V  T  S  V  C  V  L  N  V  H  H  R  S  P  S

309 310 311 312 313 314 315 316 317 318 319 320 321 322 323 324 325

 1100

ACCCACACCATGGCACCCTGGGTCAAGCGCTGCTTCCTGCACAAGCTGCC5'

 T  H  T  M  A  P  W  V  K  R  C  F  L  H  K  L  P

326 327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342

 1150

TACCTTCCTCTTCATGAAGCGCCCTGGCCCCGACAGCAGCCCGGCCAGAG5'

 T  F  L  F  M  K  R  P  G  P  D  S  S  P  A  R

343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358

 1200

CCTTCCCGCCCAGCAAGTCATGCGTGACCAAGCCCGAGGCCACCGCCACC5'

 A  F  P  P  S  K  S  C  V  T  K  P  E  A  T  A  T

359 360 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375
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TCCACCAGCCCCTCCAACTTCTATGGGAACTCCATGTACTTTGTGAACCC5'

 S  T  S  P  S  N  F  Y  G  N  S  M  Y  F  V  N  P

376 377 378 379 380 381 382 383 384 385 386 387 388 389 390 391 392

 1300

CGCCTCTGCAGCTTCCAAGTCTCCAGCCGGCTCTACCCCGGTGGCTATCC5'

 A  S  A  A  S  K  S  P  A  G  S  T  P  V  A  I

393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408

 1350

CCAGGGATTTCTGGCTGCGGTCCTCTGGGAGGTTCCGACAGGATGTGCAG5'

 P  R  D  F  W  L  R  S  S  G  R  F  R  Q  D  V  Q

409 410 411 412 413 414 415 416 417 418 419 420 421 422 423 424 425

 1400

GAGGCATTAGAAGGTGTCAGCTTCATCGCCCAGCACATGAAGAATGACGA5'

 E  A  L  E  G  V  S  F  I  A  Q  H  M  K  N  D  D

426 427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442

 1450

TGAAGACCAGAGTGTCGTTGAGGACTGGAAGTACGTGGCTATGGTGGTGG5'

 E  D  Q  S  V  V  E  D  W  K  Y  V  A  M  V  V

443 444 445 446 447 448 449 450 451 452 453 454 455 456 457 458

 1500

ACCGGCTGTTCCTGTGGGTGTTCATGTTTGTGTGCGTCCTGGGCACTGTG5'

 D  R  L  F  L  W  V  F  M  F  V  C  V  L  G  T  V

459 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475

 1550

GGGCTCTTCCTACCGCCCCTCTTCCAGACCCATGCAGCTTCTGAGGGGCC5'

 G  L  F  L  P  P  L  F  Q  T  H  A  A  S  E  G  P

476 477 478 479 480 481 482 483 484 485 486 487 488 489 490 491 492

 1600

CTACGCTGCCCAGCGTGACTGAGGGCCCCCTGGGTTGTGGGGTGAGAGGA5'

 Y  A  A  Q  R  D

493 494 495 496 497 498

 1650

TGTGAGTGGCCGGGTGGGCACTTTGCTGCTTCTTTCTGGGTTGTGGCCGA5'  1700

TGAGGCCCTAAGTAAATATGTGAGCATTGGCCATCAACCCCATCAAACCA5'  1750

GCCACAGCCGTGGAACAGGCAAGGATGGGGGCCTGGGCTGTCCTCTCTGA5'
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iii. Results 

 

Survival rates were high for SH-EP1 cells transfected with binary (α6β2, α4β4), 

ternary (α6α4β2, α6α4β4, α6β2β3, α6β4β3), and quaternary (α6α4β2α5, α6α4β2β3, 

α6α4β4α5, α6α4β4β3, α6β2β3α5, α6β4β3α5) combinations of nAChR subunits.  Several 

monoclones of transfected cells were screened for nAChR mRNA expression.  Cell lines 

with α6β2, α6β2β3, α6α4β2, or α6α4β4 combinations of nAChR subunits were not 

examined for mRNA expression, as polyclonal pools failed initial functional screening.  

Cell types transfected with the following nAChR subunit cDNA combinations expressed 

message as confirmed by RT-PCR: α6β4, α6β4β3α5, α6α4β2β3 (Figure 7); α6α4β4β3 

(Figure 8); α6β4β3 and α6β2β3α5 (Figure 9).     

Ligand binding was assessed by collaborating investigators at Targacept in cells 

expressing α6β2, α6β4, α6β2β3, α6β4β3 and α6β4β3α5 nAChR subunit combinations.  

Significant, specific binding of [3H]epibatidine was only detected in α6β4β3α5- 

expressing cells (Table 2; Grinevich et al., 2005).  Rank order affinities (Ki values and 

SEM or 95% confidence intervals are indicated in parentheses) of drugs for these nAChR 

as determined by radioligand competition assays are epibatidine (Ki = 0.096 +/- 0.008 

nM), > TC-2429 (1.75, 1.42-2.14 nM) > α-conotoxin MII (6.15, 4.48-8.45 nM) ~ (-)-

lobeline (6.39, 4.80-8.5 nM) > nicotine (156, 126-193 nM) > and carbamylcholine (3250, 

2300-4580 nM).  The Ki for α conotoxin MII binding to putative α6β4β3α5-nAChR is 
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considerably lower than that for α4β2-nAChR (3210, 2200-4690 nM) or α7-nAChR 

(745, 546-1060 nM) (Grinevich et al., 2005). 

Several polyclonal pools of transfected cells were assayed for nAChR mRNA 

expression and also screened for nAChR ligand-induced function using the rubidium 

efflux assay with several known nAChR agonists including acetylcholine, 

carbamylcholine, cytisine, epibatidine, and nicotine, or antagonists including alcuronium, 

pancuronium, dihydro-β-erythroidine, d-tubocurarine, dimethylphenylpiperazinium 

(DMPP), and mecamylamine; none of these compounds elicited nAChR function (data 

not shown).   

Only transfected cells expressing a few combinations of nAChR subunits  

responded to nAChR agonists (Figures 10-28).  For cells expressing the α6β4β3α5 

nAChR subunit combination, EC50 for carbamylcholine was 15.5 μM, but an EC50 for 

acetylcholine, epibatidine, or nicotine could not be generated due to very low levels of 

specific ion efflux (Figures 10-12, Table 3).  For cells expressing the α6β4β3 nAChR 

subunit combination, EC50 values for acetylcholine, carbamylcholine, epibatidine, or 

nicotine were 0.997 μM, 12.9 μM, 0.661 μM, or 290 μM, respectively (Figures 11-16, 

Table 3).  For cells expressing the α6β2β3α5 nAChR subunit combination, EC50 values 

for carbamylcholine, epibatidine, or nicotine were 12.6 μM, 1.03 μM, and 336 μM 

respectively (Figures 18-20, Table 3), but an EC50 value for acetylcholine could not be 

extrapolated. 
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In these experiments, 250,000 to 350,000 cpm of 86Rb+ in medium was applied to 

cultured cells.  As a point of reference, 0.1 mM carbamylcholine elicited specific 86Rb+ 

efflux from α4β2-nAChR-expressing cells of 3,000 to 7,000 cpm over a background of 

non-specific efflux of 700 to 1,000 per sample out of approximately 10,000 cpm loaded.    

For α4β4-nAChR-expressing cells, 0.1 mM carb elicited specific efflux of 3,500 to 

10,000 cpm over a non-specific background of 800 to 2,200 cpm per sample out of about 

14,000 cpm loaded.   Thus, for these well-established cell lines robustly expressing 

functional α4β2- and α4β4-nAChR, specific/non-specific ion efflux ratios are ~3-5, and 

specific efflux is about 25-75% of loaded 86Rb+.  This level of nAChR activity makes it 

simple to do pharmacological characterizations.  However, for cells expressing the 

α6β4βα5 nAChR subunit combination, 0.1 mM carb elicited 500 to 1800 cpm of specific 

ion efflux over a background of 900 to 2000 cpm of nonspecific 86Rb+ efflux per sample 

out of about 10,000 cpm loaded.  In the presence of 0.1 mM carb, cells expressing the 

α6β4β3 nAChR subunit combination displayed specific efflux of 800 to 1,700 cpm above 

non-specific efflux level of 1,000 to 1500 cpm out of about 12,000 cpm loaded.  In cells 

expressing the α6β2β3α5 nAChR subunit combination, specific 86Rb+ efflux elicited by 

0.1mM carb was 200 to 1,500 cpm over a non-specific efflux background of 900 to 2,000 

cpm.  Although there was a wide, inter-experimental range in amounts of loaded and 

specifically or non-specifically effluxed 86Rb+, and the values reported here are most 

typical ranges, findings were clear.  In general, for cells transfected with α6β4β3α5 or 

α6β4β3 nAChR subunit combinations, specific 86Rb+ efflux in response to 
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carbamylcholine was, at most, no more than levels of non-specific efflux (i.e., total efflux 

was 2-times background), 5-20% of loaded 86Rb+, and typically 25% of that for α4β2- or 

α4β4-nAChR, and the cells did not respond to nicotine exposure.  For cells transfected 

with the α6β2β3α5 nAChR subunit combination, specific 86Rb+ efflux in the presence of 

carb was even lower at 25-75% of non-specific efflux and again was a small fraction of 

efflux responses in α4β2- or α4β4-nAChR-expressing cells.  Acetylcholine and 

carbamylcholine are also known muscarinic AChR agonists.  Hints of function observed 

in cells expressing α6 and other nAChR subunits appeared to be mediated by muscarinic 

AChR since responses were attenuated by muscarinic AChR antagonist, atropine (Figures 

13, 17 and 21).      

Cultures of transfected cells expressing α6α4β2β3 or α6α4β4β3 nAChR subunit 

combinations also were loaded with 250,000 to 350,000 cpm of 86Rb+ in medium, and 

their ion efflux responses to cholinergic and nicotinic-selective/specific agonists were 

determined and compared to responses of established α4β2- and α4β4-nAChR.  For cells 

expressing the α6α4β2β3 subunit combination, EC50 values for acetylcholine, 

carbamylcholine, epibatidine, or nicotine were 1.77 μM, 25.9 μM, 0.976 nM, or 0.12 nM, 

respectively (Figures 22-25, Table 3).  The EC50 value generated for nicotine for 

α6α4β2β3-nAChR may be a poor fit (note large error bars in Figure 24), which could be 

remedied with a greater number of determinations.  For cells expressing the α6α4β4β3 

nAChR combination, EC50 values for carbamylcholine, epibatidine or nicotine were 24.5 

μM, 0.772 nM, or 0.364 μM; no measurements were taken for acetylcholine (Figures 26-
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28, Table 3).  EC50 values for putative α6α4β2β3-nAChR did not differ significantly from 

those for α4β2-nAChR, nor did the EC50 values for putative α6α4β4β3-nAChR differ 

significantly from those for α4β4-nAChR (Table 3).  However, data show that epibatidine 

may be less efficacious at putative α6α4β2β3-nAChR than at α4β2-nAChR (Figure 25).  

Specific/non-specific ion flux ratios and specific efflux as a percentage of loaded 86Rb+ 

were indistinguishable for cells expressing α4 and either β2 or β4 subunits alone or in the 

presence of α6 and β3 subunits.  For cells expressing putative α6α4β2β3-nAChR, specific 

86Rb+ efflux was 3,000 to 11,000 cpm over a non-specific background of 700 to 1400 

cpm out of about 13,000 loaded.  For cells expressing putative α6α4β4β3-nAChR, out of 

about 14,000 cpm of loaded 86Rb+, specific efflux was 10,000 to 15,000 cpm over a non-

specific background of 900 to 2,200 cpm.  Thus, any contributions to functional 

responses of nAChR containing nAChR α6 and β3 subunits were negligible or not 

dramatic.   
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Figure 7. RT-PCR results show the presence of nAChR subunit RNA for cell lines 
transfected with α6β4, α6β4β3α5, or α6α4β2β3 nAChR subunit mRNA.  
RT-PCR results show the presence of nAChR subunit mRNA for cell lines transfected 
with α6β4, α6β4β3α5, or α6α4β2β3 nAChR subunit combinations.nAChR subunit 
mRNA (as indicated before the colon) for putative α6β4, α6β4β3α5, or α6α4β2β3 nAChR 
subunit combinations (as indicated after the colon).  Living, transfected SH-EP1 cells 
were harvested and processed according to classical RNA extraction and RT-PCR 
techniques.  Each number before the period identifies a lane in a 1% agarose gel stained 
with ethidium bromide (DNA ladders are not given a lane number).  The subunits 
represented in the respective lane in black type are positively identified in the following 
cell line.  Lane labels in gray are negative controls.  Figure 7D indicates the proper size 
of DNA bands for each subunit in base pairs.  
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Figure 8. RT-PCR results show the presence of mRNA for nAChR subunits α6, α4, β4, 
β3 in cells transfected with the α6α4β4β3 nAChR subunit combination. 
RT-PCR results show the presence of mRNA for nAChR subunits α6, (A); α4, (B); β4, 
(C); β3, (D) in cells transfected with the α6α4β4β3 nAChR subunit combination and in 
reference to control cell lines as indicated. Living, transfected SH-EP1 cells were 
harvested and processed according to classical RNA extraction and RT-PCR techniques.  
Each number identifies a lane in a 1% agarose gel stained with ethidium bromide (DNA 
ladders are not given a lane number) and loaded with a product of the RT-PCR reaction.  
Lanes labeled in black type are for cell lines positively identified as expressing the 
indicated subunit, and lanes labeled in gray are negative controls.  Figure 8E indicates the 
proper size of DNA bands for each subunit in base pairs.   
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Figure 9. RT-PCR results show the presence of nAChR subunit mRNA SH-EP1 cell lines 
transfected with α6β2β3α5 (A) or α6β3β4 (B) nAChR subunit combinations. 
RT-PCR results show the presence of nAChR subunit mRNA SH-EP1 cell lines 
transfected with α6β2β3α5 (A) or α6β3β4 (B) nAChR subunit combinations. Living, 
transfected SH-EP1 cells were harvested and processed according to classical RNA 
extraction and RT-PCR techniques.  Each lane in a 1% agarose gel stained with ethidium 
bromide (DNA ladders are labeled according to size) is labeled to indicate the subunit 
amplified in a particular RT-PCR reaction.  Figure 9C indicates the proper size of DNA 
bands for each subunit in base pairs.   
 
 

 
 
 

RT-PCR: α6β2β3α5, α6β4β3

    B.     α6β3β4 A. α5α6β2β3 

α5:  1.2Kb 
α6:  469bp 
β2:  753bp 
β3:  458bp 
β4:  846bp 

1kb 
500bp C. 
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Table 2: Ligand binding affinities. 
[mean Ki (nM) and either SEM as indicated or 95% confidence interval; three to four 
independent experiments] for selected nicotinic agents at human α6β3β4α5-nAChR 
stably expressed in SH-EP1 cells and interacting with radiolabeled epibatidine, at native 
rat α4β2*-nAChR (cortex) and interacting with radiolabeled nicotine, or at α7*-nAChR 
(hippocampus) and interacting with radiolabeled α-bungarotoxin.   Epibatidine (EPI); 
nicotine (NIC); methyllycaconitine (MLA); TC-2429, Targacept compound; A-85380, 3-
[2(S)-azetidinylmethoxy]pyridine; ABT-418, (S)-3-methyl-5-(1-methyl-2-
pyrrolidinyl)isoxazole; SIB-1508Y, altinicline; GTS-21, 3-[(2,4-dimethoxy)benzylidene]-
anabaseine.  Results are from Grinevich et al., 2005.   
 

Compound 
α6β3β4α5 

[3H]EPI Binding 
α4β2* [3H]NIC 

Binding 
α7* [3H]MLA 

Binding 
  nM  
epibatidine 0.096 ± 0.008a 0.07 (0.06–0.08) 15.4 (10.9–21.9) 

TC-2429 1.75 (1.42–2.14) 
1b  

12.4 (7.57–20.4) 

a conotoxin MII 6.15 (4.48–8.45)  3210 (2200–4690) 745 (526–1060) 

(-)-lobeline 6.39 (4.80–8.50) 12.1 (0.96–15.2) 8880 (5660–13660) 

A-85380 8.71 (6.51–11.7) 0.09 (0.07–0.11) 54.9 (36.9–81.9) 

(-)-nicotine 156 (126–193)  0.84 (0.68–1.03)  668 (480–929) 

(-)-cytisine 176 (135–229)  0.20 (0.17–0.23) 1140 (805–1610) 

methyllycaconitine 200 (160–251)  585 (432–792)  1.39 (1.04–1.85)  

ABT-418 803 (617–1040) 4.69 (3.46–6.35) 1970 (1300–2980)  

methylcarbamylcholine 969 (548–1710)c  2.51 (2.00–3.14)  4350 (2750–6880 

SIB-1508Y 
991 (636–1540) 0.50 (0.39–0.65) 14400 (9540–

21600) 
GTS-21 1290 (900–1860) 278 (219–353) 596 (391–908) 

carbamylcholine 3250 (2300–4580) 66.4 (53.6–82.3) 9920 (6380–15400) 

dihydro-b-erythriodine >10,000c  24.6 (16.9–35.8)  7700 (4510–13100) 

a-bungarotoxin >10,000 >10,000 2.16 (1.56–3.01) 

 
a Kd, mean ± S.E.M    
b Reported in Bencherif et al., 1998  
c Data represent two independent experiments 
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Figure 10. Assessment of acetylcholine and nicotine function at putative α6β4β3α5-
nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonist, acetylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β4, β3, α5 subunits.  Putative α6β4β3α5-nAChR did not respond to 
nicotine, and EC50 values (listed in Table 3) could not be extrapolated for responses to 
acetylcholine.   In general, for cells transfected with α6, β4, β3 and α5 subunits, specific 
86Rb+ efflux was, at most, 25% of that for α4β2 –nAChR.  Acetylcholine is a known 
muscarinic AChR agonist.  Hints of acetylcholine-elicited function appeared to be 
mediated by muscarinic AChR since responses were attenuated by muscarinic antagonist, 
atropine (Figure 13).      
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Figure 11. Assessment of carbamylcholine function at putative α6β4β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonist, carbamylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β4, β3, α5 subunits.  EC50 for carbamylcholine for putative α6β4β3α5- 
or for α4β2- nAChR were 15.5 μM or 44.9 µM, and did not significantly differ.  In 
general, for cells transfected with α6, β4, β3 and α5 subunits, specific 86Rb+ efflux was, at 
most, 25% of that for α4β2 –nAChR.  Carbamylcholine is a known muscarinic AChR 
agonist.  Hints of carbamylcholine-elicited function appeared to be mediated by 
muscarinic AChR since responses were attenuated by muscarinic antagonist, atropine 
(Figure 13).      
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Figure 12. Assessment of epibatidine function at putative α6β4β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonist, epibatidine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β4, β3, α5 subunits.  Putative α6, β4, β3, α5 –nAChR did not respond to 
epibatidine exposure.  In general, for cells transfected with α6, β4, β3, and α5, specific 
86Rb+ efflux was, at most, 25% of that for α4β2 –nAChR.   
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Figure 13. Assessment of muscarinic acetylcholine receptor inhibitor sensitivity of 
carbamylcholine response in transfected cells expressing putative α6β4β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of 0.1 mM carbamylcholine and the muscarinic 
antagonist, atropine, at specified concentrations (abscissa; log molar) for SH-EP1 cells 
transfected with nAChR α6, β4, β3, and α5 subunits.  IC50 values for atropine could not 
be extrapolated for putative α6β4β3α5-nAChR; however, atropine clearly blocked 
carbamylcholine agonist activity at putative α6β4β3α5-nAChR, which suggests that 
carbamylcholine is acting at naturally expressed muscarinic receptors and not at nAChR 
in these cells. 
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Figure 14. Assessment of acetylcholine and nicotine function at putative α6β4β3-nAChR.   
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonists, acetylcholine and nicotine, at 
specified concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells 
transfected with nAChR α6, β4 and β3 subunits.  EC50 for putative α6β4β3-nAChR for 
acetylcholine and nicotine were 0.997 μM and 290 μM, respectively (Table 3).  Although 
EC50 values were extrapolated for nicotine, responses were barely detectable.  EC50 
values for α4β2-nAChR for acetylcholine and nicotine were 2.58 µM and 1.52 µM, 
respectively, which were not significantly different from values for putative α6β4β3-
nAChR.    In general, for cells transfected with α6, β4 and β3 subunits, specific 86Rb+ 
efflux was, at most, 25% of that for α4β2 –nAChR.  Acetylcholine is a known muscarinic 
AChR agonists.  Hints of acetylcholine-elicited function appeared to be mediated by 
muscarinic AChR since responses were attenuated by muscarinic AChR antagonist 
atropine (Figure 17).      
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Figure 15. Assessment of carbamylcholine function at putative α6β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonist, carbamylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β4 and β3 subunits.  EC50 for cells transfected with α6β4β3- or α4β2- 
nAChR for carbamylcholine were 12.9 μM and 44.9 µM, respectively (Table 3).  In 
general, for cells transfected with α6, β4 and β3 subunits, specific 86Rb+ efflux was, at 
most, 25% of that for α4β2 –nAChR.  Carbamylcholine is a known muscarinic AChR 
agonists.  Hints of carbamylcholine-elicited function appeared to be mediated by 
muscarinic AChR since responses were attenuated by the muscarinic AChR antagonist 
atropine (Figure 17).      
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Figure 16. Assessment of epibatidine function at putative α6β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonist, epibatidine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β4 and β3 subunits.  Although an EC50 value of 0.661 μM was 
extrapolated for epibatidine, responses were barely detectable, and the EC50 value was 
1,000-fold higher than the EC50 value for α4β2-nAChR responses for epibatidine (6.83 
nM).  In general, for cells transfected with α6, β4 and β3 nAChR subunits, specific 86Rb+ 
efflux was, at most, 25% of that for α4β2 –nAChR.  EC50 values are listed in Table 3. 
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Figure 17. Assessment of muscarinic acetylcholine receptor inhibitor sensitivity of 
carbamylcholine responses in transfected cells expressing putative α6β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of 0.1 mM carbamylcholine and muscarinic 
antagonist, atropine, at specified concentrations (abscissa; log molar) for SH-EP1 cells 
transfected with nAChR α6, β4, and β3 subunits.  IC50 values for atropine could not be 
extrapolated for putative α6β4β3-nAChR; however, atropine clearly blocked 
carbamylcholine agonist activity at putative α6β4β3-nAChR, which suggests that 
carbamylcholine is acting at naturally expressed muscarinic receptors and not at nAChR 
in these cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

atropine
(n = 1)

-7 -6 -5 -4 -3

0

20

40

60

80

100

120

140

atr αβ3β4

log [Drug] M

Sp
ec

ifi
c 

R
b+  E

ffl
ux

 (%
 o

f C
on

tr
ol

)



 104

Figure 18. Assessment of acetylcholine and nicotine function at putative α6β2β3α5-
nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of agonists, acetylcholine and nicotine, at 
specified concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells 
transfected with nAChR α6, β2, β3 and α5 subunits.  For putative α6β2β3α5-nAChR, an 
EC50 value for acetylcholine could not be extrapolated.  Although an EC50 value of 336 
μM for nicotine was extrapolated, responses were barely detectable.   EC50 value for 
α4β2-nAChR were 1.53 µM and 2.58 µM for acetylcholine and nicotine, respectively.  In 
general, for cells transfected with α6, β2, β3 and α5, specific 86Rb+ efflux was, at most, 
25% of that for α4β2 –nAChR, and cells did not respond to nicotine exposure.  
Acetylcholine is a known muscarinic AChR agonists.  Hints of acetylcholine-elicited 
function appeared to be mediated by muscarinic AChR since responses were attenuated 
by the muscarinic AChR antagonist atropine (Figure 21).  EC50 values are listed in Table 
3.      
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Figure 19. Assessment of carbamylcholine function at putative α6β2β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, carbamylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β2, β3 and α5 subunits.  EC50 values for carbamylcholine for putative 
α6β2β3α5- and α4β2-nAChR were 12.6 μM and 44.9 µM, respectively (Table 3).  In 
general, for cells transfected with α6, β2, β3 and α5 nAChR subunits, specific 86Rb+ 
efflux was, at most, 25% of that for α4β2 –nAChR.  Carbamylcholine is a known 
muscarinic AChR agonists.  Hints of carbamylcholine-elicited function appeared to be 
mediated by muscarinic AChR since responses were attenuated by muscarinic AChR 
antagonist atropine (Figure 21).      
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Figure 20. Assessment of epibatidine function at putative α6β2β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, epibatidine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for SH-EP1 cells transfected 
with nAChR α6, β2, β3 and α5 subunits.  Although an EC50 value was extrapolated for 
epibatidine (1.03 µM) acting on cells expressing nAChR α6, β2, β3 and α5 subunits, 
responses were barely detectable and were 1000-fold higher than the EC50 value for 
epibatidine acting at α4β2 (6.83E-3 µM).  In general, for cells transfected with α6, β2, β3 
and α5 subunits, specific 86Rb+ efflux was, at most, 25% of that for α4β2 –nAChR.   

epibatidine
(n = 3)

-9 -8 -7 -6 -5 -4 -3
-40

-20

0

20

40

60

80

100

120
epi α6β2β3α5
epi α4β2

log [Drug] M

Sp
ec

ifi
c 

R
b+  E

ffl
ux

 (%
 o

f C
on

tr
ol

)



 107

Figure 21. Assessment of muscarinic acetylcholine receptor inhibitor sensitivity of 
carbamylcholine responses in transfected cells expressing putative α6β2β3α5-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of 0.1 mM carbamylcholine and the muscarinic 
antagonist, atropine, at specified concentrations (abscissa; log molar) for SH-EP1 cells 
transfected with nAChR α6, β2, β3 and α5 subunits.  IC50 values for atropine could not be 
extrapolated for putative α6β2β3α5-nAChR; however, atropine clearly blocked 
carbamylcholine agonist activity at putative α6β2β3α5-nAChR, which suggests that 
carbamylcholine is acting at naturally expressed muscarinic receptors and not at nAChR 
in these cells.  
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Figure 22. Assessment of acetylcholine function at putative α6α4β2β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, acetylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for two clones (“.1” or “.2”) SH-
EP1 cells transfected with nAChR α6, α4, β2, and β3 subunits.  The EC50 value for 
acetylcholine was 1.77 μM, which was not significantly different from that for α4β2 –
nAChR (2.58 µM).  EC50 values are listed in Table 3.     
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Figure 23. Assessment of carbamylcholine function at putative α6α4β2β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, carbamylcholine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for two clones (“.1” or “.2”) of 
SH-EP1 cells transfected with nAChR α6, α4, β2, and β3 subunits.  The EC50 value for 
carbamylcholine was 25.9 μM, which was not significantly different from that of α4β2 –
nAChR (44.9 µM).  EC50 values are listed in Table 3. 
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Figure 24. Assessment of nicotine function at putative α6α4β2β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, nicotine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for two clones (“.1” or “.2”) of 
SH-EP1 cells transfected with nAChR α6, α4, β2, and β3 subunits.  The nicotine EC50 
value for putative α6α4β2β3-nAChR was 0.12 nM, which is significantly different from 
that for α4β2 (1.52 µM); however, this value appears to be erroneous and may be re-
established with a larger n.   
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Figure 25. Assessment of epibatidine function at putative α6α4β2β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, epibatidine, at specified 
concentrations (abscissa; log molar) for α4β2-nAChR or for two clones (“.1” or “.2”) of 
SH-EP1 cells transfected with nAChR α6, α4, β2, and β3 subunits.  Epibatidine EC50 
value for α6α4β2β3-nAChR was 0.976 nM, which was not significantly different from 
that for α4β2 –nAChR (6.83 nM).  Epibatidine may be less efficacious at putative 
α6α4β2β3-nAChR than at α4β2-nAChR; this result may be attributed to a subpopulation 
of α6*-nAChR expressed in these cells.  EC50 values are listed in Table 3. 
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Figure 26. Assessment of carbamylcholine function at putative α6α4β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, carbamylcholine, at specified 
concentrations (abscissa; log molar) for α4β4-nAChR or for two clones (“.5” or “.33”) of 
SH-EP1 cells transfected with nAChR α6, α4, β4, and β3 subunits.  The EC50 value for 
putative α6α4β4β3- nAChR for carbamylcholine was 24.5 μM and was not significantly 
different from those of α4β4 –nAChR (22.4 µM).  EC50 values are listed in Table 3. 
 
   
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 

carbamylcholine
(n = 2 or more)

-7 -6 -5 -4 -3 -2 -1 0

0

20

40

60

80

100

α4β4
α6α4β4β3.5
α6α4β4β3.33

log [Drug]

Sp
ec

ifi
c 

R
b+  E

ffl
ux

 (%
 o

f C
on

tr
ol

)



 113

Figure 27. Assessment of nicotine function at putative α6α4β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, nicotine, at specified 
concentrations (abscissa; log molar) for α4β4-nAChR or for two clones (“.5” or “.33”) of 
SH-EP1 cells transfected with nAChR α6, α4, β4, and β3 subunits.  EC50 value for 
putative α6α4β4β3-nAChR for nicotine was (0.364nM) and was not significantly 
different from that for α4β4 –nAChR (0.391 µM).  EC50 values are listed in Table 3.  
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Figure 28. Assessment of epibatidine function at putative α6α4β4β3-nAChR. 
86Rb+ efflux assays (ordinates; specific efflux as a percentage of 0.1 mM carbamylcholine 
control) were conducted in the presence of the agonist, epibatidine, at specified 
concentrations (abscissa; log molar) for α4β4-nAChR or for two clones (“.5” or “.33”) of 
SH-EP1 cells transfected with nAChR α6, α4, β4 and β3 subunits.  EC50 value for 
putative α6α4β4β3-nAChR for epibatidine was 0.772 nM, which was not significantly 
different from that for α4β4 –nAChR (2.26 nM).  EC50 values are listed in Table 3. 
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Table 3: Functional profiles for ligands affecting 86Rb+ efflux responses in transfected 
SH-EP1 cells.   
EC50 values (µM) for SH-EP1 cells transfected with human nAChR α6 and other 
subunits are provided for the indicated agonists.  EC50 values could not be extrapolated 
for responses of putative α6β4β3α5-nAChR to acetylcholine, epibatidine, or nicotine, or 
for responses of putative α6β2β3α5-nAChR to acetylcholine.  Functional measurements 
were not taken for responses to acetylcholine of putative α6α4β4β3-nAChR and α4β4-
nAChR.   
 
 
  EC50 value (µM)  
Cell Line acetylcholine carbamycholine epibatidine nicotine 
α6β4β3α5 -- 15.5 -- -- 

α6β4β3 0.997 12.9 0.661 290 
α6β2β3α5 -- 12.6 1.03 336 
α6α4β2β3 1.77 25.9 0.000976 0.0012 

α4β2 2.58 44.9 0.00683 1.52 
α6α4β4β3 n/a 24.5 0.000772 0.364 

α4β4 n/a 22.4 0.00226 0.391 
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iv. Discussion 

 

Our lab has previously created stably transfected SH-EP1cell lines heterologously 

expressing human α4β2-, α4β4- or α7-nAChR whose ligand-binding and functional 

characteristics have been extensively examined (Peng et al., 2005; Li et al., 2004; Gentry 

et al., 2003; Zhao et al., 2003; Lukas et al., 2002; Pacheco et al., 2001; Fryer and Lukas, 

1999; ).  Challenges were expected in generating cell lines that stably expressed α6 and 

other nAChR subunits, in part because of difficulties in getting α6*-nAChR expression in 

the oocyte model.  Nevertheless, if successful, it was expected that α6*-nAChR would 

show unique pharmacological profiles in response to nicotinic ligands.    

Previous studies found that the α6 subunit does not form homomeric nAChR as 

does the α7 subunit and that a β subunit appears to be required for α6*-nAChR function 

in oocytes (Gerzanich et al., 1997).  In combination with human β4 subunits (Gerzanich 

et al., 1997), chick α6 subunits were able to give only a weak functional response when 

expressed in transfected oocytes.  Oocytes expressing α6 and β2 subunits produced 

entities that were able to bind nicotinic radioligands, but the evidence was that these 

subunits formed large aggregates that failed to reach the cell surface or produce a 

functional response to nicotinic ligand exposure.   

It was therefore not surprising that early data showed that SH-EP1 cells 

transfected with α6 subunits combined with β2 or β4 subunits had little or no functional 
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responses to nicotinic ligands.  Hints of function were only fleeting and then were 

irreproducible. 

Because of indications that nAChR β3 subunits (and perhaps their most closely 

related cousins, α5 subunits) could form ligand binding interfaces with α6 subunits and 

that α6 and β3 or α5 subunits were often colocalized, the number of nAChR subunits 

introduced into transfected cells was increased.  Specific 86Rb+ efflux for cells transfected 

with nAChR subunit combinations of α6β4β3α5, α6β4β3, or α6β2β3α5 was observed 

but was only a fraction of the amount of function exhibited by α4β2-nAChR.  Hints of 

responses to acetylcholine or carbamylcholine appeared to be due to weak signals 

mediate via muscarinic acetylcholine receptors naturally expressed in SH-EP1 cells that 

could be blocked by muscarinic antagonist atropine and not mimicked by nicotine or 

blocked by nicotinic antagonists.   

Although attempts to transfect SH-EP1 cells with human nAChR α6 cDNA in 

combination with cDNAs encoding other nAChR subunits, including β2, β3, β4, or α5, 

using either chemical or electroporation techniques did not yield formation of functional 

nAChR, SH-EP1 cells stably expressing α6, β4, β3 and α5 subunits displayed specific 

binding for [3H]epibatidine that had high sensitivity to α conotoxin MII (Grinevich et al, 

2005).  Thus, these cells may express an α6*-nAChR binding site that may be equivalent 

to one that occurs in vivo.  The subunits transfected into the nicotinic ligand-binding host 

cell line are naturally expressed in the mouse VTA based on findings from in situ 
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hybridization and RT-PCR studies.  Perhaps our inability to produce functional α6*-

nAChR in transfected SH-EP1 cells from this combination of subunits indicates the need 

for use of a different host cell or for co-expression with chaperone proteins required to 

properly assemble and transport α6*-nAChR to the plasma membrane.  Maintenance of 

cells at lower temperature or inclusion of ligand chaperones is another strategy to 

facilitate the very inefficient subunit assembly process.   

There is evidence that has been interpreted to suggest that α-conotoxin MII 

binding sites on α6*-nAChR require an α6/β3 subunit interface (Cui et al., 2003; 

Champtiaux et al., 2002; Le Novere et al., 1996).  Our findings would be consistent with 

this, but studies with SH-EP1 cells transfected with α6, β4 and β3 subunits but not with 

α5 subunits failed to show specific radioligand binding.  This suggests that α6/β3 

interfaces may be necessary but not sufficient for formation of ligand binding α6*-

nAChR or assembly intermediates; α5 subunits may be necessary for such formation, 

either as chaperones or assembly partners.  Further studies are needed to determine 

whether α5 subunits alone in the absence of β3 subunits are sufficient for formation of 

ligand binding α6*-nAChR, as transfection with the subunit combinations α6β2α5 or 

α6β4α5 have not yet been studied.   

Functional responses to nicotinic ligands were obtained from SH-EP1 cells 

transfected with nAChR subunit combinations α6α4β2β3 and α6α4β4β3.  These 
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combinations have the potential to form the α6/β3 subunit interface of interest, and 

inclusion of α4 subunits in the complexes is justified due to the evidence (Azam et al., 

2002) of coexpression of α6 and α4 subunits in some dopaminergic brain regions.  

However, pharmacological profiles comparing responses of putative α6α4β2β3-nAChR 

to responses of established α4β2-nAChR or responses of putative α6α4β4β3-nAChR to 

responses of established α4β4-nAChR did not convincingly demonstrate distinctions that 

could be attributed to integration of α6 and/or β3 subunits into α4 plus β2/β4 binary 

complexes, although there is a possibility that epibatidine efficacy and potency and 

nicotine potency may differ for α4β2- compared to α6α4β2β3-nAChR.  Moreover, there 

remains a possibility that α6* –nAChR constitute only a small percentage of nAChR 

expressed on these cells and that their functional contribution may be masked by that of 

α4-(no α6)β2/4 –nAChR.  Further studies are needed to ascertain any level of 

coassembly of these subunits on cell surface nAChR responsible for functional responses 

and using pharmacological tools to discriminate α4α6*- from α4(no α6)*-nAChR that 

may have been produced.  The use of single-channel electrophysiological recording may 

be required to distinguish a ligand-induced functional response of α6α4*-nAChR from 

that of α4(no α6)*-nAChR.   

Success in generating functional α6*-nAChR that likely exists in vivo and that 

contains a unique pharmacological profile, no matter the precise subunit composition, 



 120

would be an important enabling step toward design and development of potentially novel 

medicinals for use in treatment of neuropsychiatric disorders and drug addiction.   
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III. THE NATURAL DISTRIBUTION OF α6 nAChR SUBUNITS 

 

 

 

i. Abstract 

 

nAChR α6 subunit mRNA is thought to be particularly highly expressed in pleasure-

reward centers of the rodent brain.  To test this impression, fluorescently-labeled mRNA-

targeted riboprobes were created and used via in situ hybridization studies to establish the 

distribution and levels of expression of murine nAChR α6 subunits with higher spatial 

resolution than previously achieved using isotopically-labeled RNA probes.  An 

additional aim of this study was to examine potential co-expression of nAChR α6 subunit 

mRNA and glutamic acid decarboxylase or tyrosine hydroxylase as labels of GABAergic 

and dopaminergic/catecholaminergic neurons respectively, via tandem fluorescence in 

situ hybridization (FISH) and fluorescence immunohistochemistry.  A supplementary 

autoradiography experiment was done on mouse brain using 125I-α conotoxin MII to 

briefly compare expression patterns of α6* -nAChR and α6 nAChR subunit mRNA.  

These approaches combine to address overarching goals of defining the distribution of 

nAChR α6 subunits in the brain, assessing whether α6 subunit mRNA has a broader 

range of expression than previously thought, and determining the neurotransmitter 

phenotypes of α6 subunit-containing neurons.          
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ii. Methodological Details and Strategies 

 

α conotoxin MII mouse brain autoradiography. ICR c57blk snap frozen mouse brains 

(obtained as a gift from Karin Sandoval and Dr. Edward French at the University of 

Arizona) were cryo-sectioned at 20 µm, mounted onto Superfrost plus slides (Fisher) and 

kept at -80oC until a short period before use, during which slides were allowed to 

equilibrate to room temperature.  On the day of assay, after reaching room temperature, 

every other slide was incubated in 0.5 nM 125I-MII for 2 hr in binding buffer (144 mM 

NaCl, 1.5 mM KCl, 2.0 mM CaCl2, 1.0 mM MgSO4, 20 mM HEPES, 5 mM EDTA, 5 

mM EGTA, 0.1% BSA, 10 µg/ml apoprotinin, 10 µg/ml leupeptin troflouroacetate, 10 

µg/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride added immediately before 

running assay, pH 7.5).  Remaining slides were incubated in 0.5 nM 125I-MII with 1 µM 

epibatidine to determine non-specific 125I-MII binding.  To remove excess unbound 

toxins, slides were washed in binding buffer for 30 seconds at room temperature, twice in 

0.1x binding buffer for 5 seconds at 0oC, and twice in HEPES (5 mM, pH 7.5) for 5 

seconds at 0oC.  Slides were then dried with a stream of air followed by overnight 

incubation at room temperature in a vacuum chamber.  The next day, slides were dipped 

in emulsion (Kodak NTB Emulsion, Kodak) and kept in the dark at 4oC for about 16 

days.  Slides were then developed according to a standard protocol.  Briefly, Slides were 

placed in fresh Kodak D19 developing solution (Kodak) for 3 min, in water for 1 min, 

and then in a fixing solution (Kodak Unifix) for 3 min.  Slides were then rinsed in water 
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twice for 10 min, after which they were stained with 0.5% cresyl violet for 1.5 min.  

Slides were placed in series of ethanol dehydration solutions and allowed to air dry.  

Finally, slides were mounted with Vecta Mount (Vector Laboratories) and visualized 

after 24 hr.  200x brightfield images were obtained using an Olympus IX70 microscope.   

 

Subcloning mouse α6 cDNA into the pGEM-T Easy Vector. The greatest diversity in 

amino acid and nucleotide sequences for nAChR subunit proteins or messenger 

RNA/DNA is in the region corresponding to or encoding the large, second cytoplasmic 

loop (C2; located between the MIII and MIV or third and fourth transmembrane domains 

of the subunits).  Thus, to act as a probe for the distinguishing nucleic acid sequence of 

the mouse nAChR α6 subunit, the gene sequence that includes the C2 cytoplasmic 

domain was targeted.  A large portion of the mouse α6 subunit C2 domain was subcloned 

into the pGEM –T Easy Vector (Promega) according to manufacturer’s instructions.  In 

brief, 3’ thymidines were added to the multiple cloning site of the vector.  Mouse nAChR 

α6 subunit cDNA was retrieved by RT-PCR using a whole mouse brain RNA preparation 

and primers mα6SEN2 (TGTTCCAGCAGATAACATCTG), and mα6ANT2 

(TGAATTGAACACTCTCGATG).  These primers flanked the α6 subunit C2-encoding 

nucleotides and animo acid sequence (Figure 29).  The use of RedTaq Polymerase 

(Sigma) resulted in a poly-A tailed product via a polymerase-directed poly A 5’ 

extension, thus, allowing simplified ligation into the pGEM-T Easy Vector (Figure 30).  

The vector was then inoculated into competent DH5α cells per manufacturer’s 



 124

instructions and grown in glucose-supplemented medium.  T7 and SP6 RNA polymerase 

promoters flank the multiple cloning region in the alpha-peptide coding region of beta-

galactosidase-coding sequences residing in the pGEM-T Easy Vector.  Bacterial colonies 

were grown on LB/agar plates that were supplemented with ampicillin and coated with 

IPTG (isopropyl-β-D-thiogalactopyranoside) and xgal (1:1).  Insertion of cDNA 

corresponding to the sequence of the interest (in this case, the α6 subunit cytoplasmic 

loop, or C2 loop) interrupts lacZ expression, resulting in bacterial colonies that are white 

upon visual inspection because IPTG is not processed by β-galactosidase to a blue 

reaction product, whereas uninterrupted lacZ expression yields blue-colored colonies not 

containing the cDNA insert.  White colonies were picked and grown in individual 

aliquots of LB broth.  The MAXIprep technique (Marligen Biosciences ®, described 

above) was used to purify the DNA in TE buffer (10 mM Tris-HCl (pH 8.0), 0.1 mM 

EDTA).   Restriction analysis with EcoR V confirmed successful insertion.   

 

Mouse α6 riboprobe construction. From the mouse α6 subunit C2 domain template, a 201 

bp fragment of the was excised and amplified using standard PCR (35 cycles, each cycle 

includes 1 min at 95oC, 1.5 min at 55oC, and 1.5 min at 72oC, 35 cycles followed by 4 

min at 72oC) including primers ma6CYSEN (CTGGACAAGACAAAGGAGGC) and 

ma6ANT (GTGCTCTGAATTCTCTGCCACCC) to amplify the cytoplasmic region 

(Figure 29).   Correct product size (200 bp) was confirmed by electrophoresis on a 1% 
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agarose gel containing ethidium bromide and by reference to a standardizing DNA mass 

ladder DNA mass ladder (New England Biolabs) (Figure 31).   

 Impurities including unincorporated dNTPs, polymerases, primers, and small 

primer-dimers were removed using Wizard ® SV Gel and PCR Clean-Up System 

(Promega, described above). Following cleanup of the cytoplasmic domain sequence, a 

T7 phage promoter adapter was ligated via T4 ligase to the ends of the PCR product 

using the Lig’nScribe protocol (Ambion ®).  The provided T7 adapters contain a mixture 

of blunt and ‘T’ overhang double stranded molecules, allowing ligation to blunt or ‘A’ 

overhang PCR products.  Ligation is inefficient and random in orientation, resulting 

mostly in PCR products that have the adapter ligated to one end. Following the ligation 

reaction, the ligated product is amplified via PCR.  PCR amplification of the ligated 

product was done using adapter primer 2 (5'-TATGTTGTGTGGAAGCGGAAGA-3' 

provided in Lig‘n Scribe kit).  Primer 2 anneals to the ligated T7 phage promoter adapter 

where amplification is initiated.  PCR reactions were run to create enough ligated nAChR 

α6 cytoplasmic domain cDNA to create nAChR α6 subunit sense and antisense mRNA 

probes labeled with biotin (mα6SB, mα6AB, respectively) and a non-labeled, mouse α6 

subunit antisense mRNA (mα6AnB), using 3’ gene-specific primer ma6CYANT for 

sense probes and 5’ gene-specific primer ma6CYSEN for the antisense probes as 

described above.  Successful reactions yielding a 250 bp product were confirmed via 

electrophoresis as previously described (Figure 32).   The T7-ligated PCR products were 

cloned into the pGEM-T Easy Vector as described above (Figure 33).   
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Following amplification of the T7-ligated α6 subunit cytoplasmic loop, the cDNA 

was transcribed using the Ampliscribe FLASH protocol (Epicentre Technologies ®).  

Here T7 phage polymerase begins transcription at the T7 promoter site.  When the T7 

promoter is located upstream of the gene of interest, in vitro transcription takes place in 

the presence of rNTPs, T7 polymerase, dithiolthreitol (DTT), and transcription buffer.  A 

biotinylated “nonsense” riboprobe was created to serve as an additional control (Figure 

40).  This sequence was screened for similarity to endogenous mouse mRNA and was 

found to be unique.  In the case of biotinylated riboprobes, 40% of the uracil (in the form 

of uracil tri-phosphate) in the reaction mix is labeled with biotin, which provides a target 

for a streptavidin-HRP conjugate used to visualize hybridized riboprobe.  Alternatively, 

in vitro transcription reactions were carried out using the MAXIscript protocol (Ambion 

®).  Following transcription, 1unit of DNAse I was added and the reaction was incubated 

for fifteen min at 37 oC to exterminate deoxynucleotides.  Following termination of the 

reaction, the samples are purified by column centrifugation (Micro Bio-Spin Column P30 

Tris, RNase-Free; BioRad).  The concentration of products was determined by optical 

absorbance measurements at 260 nm using the expression μg/ml = A260(40)(df), where 

the absorption coefficient is 40 µg/ml at A260 = 1 and “df” is the dilution factor used to 

dilute the sample for optical density reading.  Product purity was assessed using the 

standard A260/A280 ratio method.  2-4 μl of the samples or RNA Century Marker 

(Ambion®) were run on a pre-cast, 6% polyacrylamide 7M urea gel (Jule labs).  
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Typically, riboprobe sizes varied for all riboprobes ranging from 200-500bases (Figure 

41).   

 

Control riboprobes and strategies.  As a positive control to confirm technical integrity of 

mRNA FISH studies as well as to indicate the expression and distribution of mouse α4 

subunit mRNA, a mouse nAChR α4 subunit cytoplasmic loop riboprobe was created 

using the above described PCR methods; the cDNA template was cloned into the pGEM-

T Easy Vector (Figures 35 and 36).  Proper insertion was confirmed as previously 

described.  As a positive control when used with transfected cells expressing human α4* -

nAChR, and as a negative control to test for stringency of hybridization of mouse mRNA 

to homologous but non-identical human riboprobes, a human nAChR α4 subunit 

antisense probe was generated to target the cytoplasmic loop of the nAChR α4 subunit 

mRNA (Figure 37-39).  Biotinylated hα4SB (human α4 Sense, Biotinylated), and both 

and biotinylated and non-biotinylated antisense (hα4AB, hα4AnB) riboprobes were 

created using primers T7hα4CDSEN 

(TAATACGACTCACTATAGGGCACCCGCCCTCACCG) + hα4CDANT 

(TCAGCCGAGTGGGTGTTGCGAGAG) and hα4CDSEN 

(GCACCCGCCCTCACCGTCCTTC) + hα4CDANTT7 

(TAATACGACTCACTATAGGTCAGCCGAGTGGGTGTTGCGAGAG), respectively 

(Figure 37).  Human nAChR α4 subunit cDNA cloned into pcDNA3.1/Zeo served as 

template for the PCR.  T7hα4CDSEN and hα4CDANTT7 primers contained sequences 
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that code for the T7 phage promoter.  When incorporated in a PCR reaction with human 

nAChR α4 subunit cDNA template, these primers amplify a product containing the T7 

promoter on the 3’ end of the cDNA template for sense riboprobes and on the 5’ end for 

antisense riboprobes (Figure 39).  The antisense human α4 riboprobe created by these 

primers targets the C2 domain of the human nAChR cytoplasmic loop.  A human nAChR 

α6 subunit riboprobe was created in a similar fashion to that used to create mouse α6 

subunit antisense riboprobes in order also to determine riboprobe specificity and to assess 

expression in control studies (data not shown) of human α6 subunits in transfected cell 

lines and as a technical control.    
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Figure 29. Sequences of mouse nAChR α6* subunit. 
Nucleotide (A) and protein (B) sequence of mouse nAChR α6* subunit. 
The separated sequence was initially cloned into pGEM-T Easy Vector.  The underlined 
cytoplasmic loop sequence was amplified from the cloned mouse nAChR α6 sequence. 
 
A. 
       
1    GACAGGACAT GTGACAGCCA GCCGAGTGAA GCAGCAGGGT TGGCTTCCCT  
51   TGCCCTTCAC ATCTGTTTCA GCCTGGGATG CAGGGAGCAG TTGCATGATG  
101  TCCCGTGTTT TCACTTCACA GAAGATCTGT GTGAGCTTCC AGGAGCTTCC 
151  CGGGGCTTTC AATATCTGAT TCTGGCAGCT GACAGACAGC TGTGTCTTCC 
201  ACAGCCCTCC GTGTAGAAAT CGGAATTCAG AGAGCTTTTA TCATGCTGAA 
251  CAGCCGGGAC CAGGGAAACC TGCACTCCGG TTTATGTCTG TGGCTATGTG 
301  GATTCCTGGC TCTCTTTAAA GGCAGTACAG GCTGTGAATC TGAAGAGCAG 
351  CTCTTCCACA GGCTGTTTGC TCACTACAAC CGCTTCATCC GGCCGGTGGA 
401  GAATGTCTCC GATCCCGTCA CGGTGCATTT TGAATTGGCA ATCACGCAAC 
451  TGGCCAATGT GGATGAAGTC AACCAGATTA TGGAGACCAA TCTGTGGCTG  
501  CGTCACATCT GGAAGGACTA CAGATTGCGT TGGGATCCAA CGGAGTATGA 
551  TGGCATCGAG ACACTTCG 
                        AG TTCCAGCAGA CAACATCTGG AAGCCTGACA 
601  TCGTTCTGTA TAACAATGCT GTCGGCGACT TCCAGGTCGA AGGCAAGACC 
651  AAAGCTCTTC TCAAGTATGA CGGTGTGATA ACCTGGACCC CACCAGCCAT 
701  CTTTAAGAGC TCCTGCCCAA TGGACATCAC CTTCTTCCCG TTTGACCATC 
751  AAAACTGCTC CCTGAAGTTT GGTTCCTGGA CTTATGACAA GGCAGAAATC 
801  GACCTTCTCA TCATTGGCTC TAAAGTAGAC ATGAACGACT TTTGGGAAAA 
851  CAGTGAATGG GAAATTGTCG ACGCCTCTGG CTATAAGCAT GACATCAAGT 
901  ACAACTGCTG TGAAGAGATT TACACGGACA TAACCTACTC CTTCTACATC 
951  AGGAGGTTGC CCATGTTTTA CACCATCAAC CTCATCATCC CCTGCCTCTT 
1001 CATTTCCTTC CTCACGGTGC TGGTTTTTTA CCTTCCCTCC GACTGTGGCG 
1051 AGAAAGTGAC TCTTTGCATC TCCGTTCTGC TTTCTCTCAC TGTCTTTTTG 
1101 CTGGTGATTA CAGAGACCAT CCCATCCACA TCTCTCGTGA TCCCACTGGT 
1151 GGGTGAGTAT CTACTGTTCA CCATGATCTT TGTCACGCTG TCCATTGTGG 
1201 TGACCGTGTT CGTGCTGAAC ATACACTACA GGACCCCAGC AACGCATACC 
1251 ATGCCCAAGT GGGTGAAGAC CATCTTCCTT CAGGCCTTCC CCTCGATTCT 
1301 GATGATGAGG AAACCTCTGG ACAAGACAAA GGAGGCAGGA GGTGTTAAGG 
1351 ACCCCAAAAG CCATACCAAG AGGCCTGCCA AGGTCAAATT TACTCATCGA 
1401 GGAGAATCCA AACTTCTAAA GGAATGCCAC CACTGCCAAA AATCAAGTGA 
1451 CATAGCACCT GGAAAGAGAA GATCAAGCCA GCAGCCTGCA CGGTGGGTGG 
1501 CAGAGAATTC AGAGCACTCG TCCGATGTTG AAGATGTCAT CGAGAGTGTT 
1551 CAATTCA            
            TAG CAGAAAACAT GAAGAGCCAC AATGAAACAA ACGAGGTAGA 
1601 AGACGACTGG AAATACATGG CTATGGTGGT GGACAGAGTC TTCCTTTGGG 
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1651 TATTTATAAT TGTCTGTGTG TTTGGAACTG TGGGGCTATT TCTGCAGCCA 
1701 CTGCTTGGGA ACACAGGAAA GTCTTAATTG GTATTGTCCC TTTACCTTCT 
1751 GAATCTTTTA GATGTTGTGT TTTTTCCCGA GCTAGTCCCC ACAAGAAAAA 
1801 GCCAAGTACA CAGACTCCTA AACCAAGACA AGAAGGGAGT GGGCATTGCT 
1851 GCAGCCTTAG GAGCCTGAAT ACCTGTCTTC CTTACACTGG GTGTTTTATC 
1901 ACCTTGGAGC CCAGAGCTGG CAGTTGTCCT AGGCTAGGAG GACTGAGTCA 
1951 GCTTCTCTAT AATTTGCATT CTTTGTTTCA AGAAACACAA ATGGTCCCTC 
2001 GTAGAGCTAG GCCCCATAGT CAAGAGTCAG TCCACTCTGA AAGGTGATTG 
2051 GCTTGTATCC GAAGCTCCTG CTGGTTATTG CAAGTGATGT GTATGGTTAT 
2101 CAAGAAACTC GGGAGCGCTG CTGACACTTG CAACACACCT GTCTGCTACT 
2151 TTCTTGTGCA TGTCCCTGTG ATGTAGCTCA CACTCATATC TGACATGTGC 
2201 AATGGTCAAA GAAGAAAGCA GATAGCATCT CTCTTAGCAG ACTATTCAAT 
2251 TCGTGGTGCA ATGGGTTTTC TGTCCGTGTG AAAATCACTG AACTGATAGG 
2301 CGTAAAAGGA TGACGTTTAT ATGAGCTCAT GGATTTGGAG GACTCTGCCC 
2351 ATGATCACTA GGTCCCATTG CCTCTGGGCC TTTGATGAGG CAAAGCATCA 
2401 TGCCTAGAAG AGGATGGCTG CCCACTTAAA GATAGCTACA AAGAAAGCAA 
2451 ACAGAGAGGA AGGCTCTGGA GTGCCAATAT TCCTTTCACA GTCACAGCCC 
2501 AATGACTTCA TGTCTTCCTA CAAGACCTTC CATCCTAGAA GCTCCACTAC 
2551 CTCCTGATAG CGTGGAGGAA TCAGTCTCTA ACACTTGTCC TTGGGGCTGA 
2601 TCCAAACCAC AGCAGTATTG TCCTGGCAGG ACATTTGGCT GGCTCCAGTA 
2651 CTGTGCTAGG TGCTACAAGG GGATACATAA GAGTCTTTCC CTTATAAAGT 
2701 TACAGCCTTT TAGAAAAGCC GTATATGCAA AGAGCCACAG GATCAGGTAG 
2751 TAGAGGATAT AGCTAGAGCA ACCCAAATGG GAGAAACTAA TCGGACAAAC 
2801 CTAAACTCAC TCTTGTGTTT CAAACAGATA TCTGTGTAGC TTTTTCCCAC 
2851 GAGCCCTTCT CTAGCTCACT GCATGGAGAT GAAATAAAAT CGATATGAAA 
2901 TTTTAA 
Source: National Institute of Health Mammalian Gene Collection 
 
Figure 29B.  Protein sequence of mouse nAChR α6*.  Cytoplasmic loop sequence is 
underlined.  
  
1        MLNSRDQGNL HSGLCLWLCG FLALFKGSTG CESEEQLFHR LFAHYNRFIR  
51  PVENVSDPVT VHFELAITQL ANVDEVNQIM ETNLWLRHIW KDYRLRWDPT 
101 EYDGIETLRV PADNIWKPDI VLYNNAVGDF QVEGKTKALL KYDGVITWTP 
151 PAIFKSSCPM DITFFPFDHQ NCSLKFGSWT YDKAEIDLLI IGSKVDMNDF 
201 WENSEWEIVD ASGYKHDIKY NCCEEIYTDI TYSFYIRRLP MFYTINLIIP  
251 CLFISFLTVL VFYLPSDCGE KVTLCISVLL SLTVFLLVIT ETIPSTSLVI 
301 PLVGEYLLFT MIFVTLSIVV TVFVLNIHYR TPATHTMPKW VKTIFLQAFP 
351 SILMMRKPLD KTKEAGGVKD PKSHTKRPAK VKFTHRGESK LLKECHHCQK 
401 SSDIAPGKRR SSQQPARWVA ENSEHSSDVE DVIESVQFIA ENMKSHNETN 
451 EVEDDWKYMA MVVDRVFLWV FIIVCVFGTV GLFLQPLLGN TGKS 
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Figure 30.  Mouse nAChR α6 subunit cDNA vector map.   
Mouse nAChR α6 subunit cDNA was amplified with primers spanning base pairs 569-
1557, which contain the cytoplasmic loop region.  This cDNA was cloned into pGEM-T 
Easy Vector to serve as template for amplification of the mouse nAChR α6 subunit 
cytoplasmic loop. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nAChR-mα6 fragment 

 
 
 

pGEM-T Easy 
Vector 
3015bp 
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Figure 31. Amplified mouse nAChR α6 subunit cytoplasmic loop cDNA template. 
 
.   
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Amplified mouse nAChR α6 subunit cytoplasmic loop cDNA template for 
antisense and sense riboprobes. 
 
 
 
 
 
 
 
 
 
 

This ~200bp band was later ligated to 
an approximately 50bp double-
stranded DNA sequence containing 
the T7 RNA polymerase recognition 
site. 
 

This ~250bp band consists of the mouse α6 cytoplasmic 
loop cDNA template (as seen in Figure 17) ligated to the 
T7 RNA polymerase recognition site.  This product was 
amplified using gene-specific primers and primer 2 
(provided in Lig’n Scribe kit, Ambion). This cDNA 
sequence was later cloned into pGEM-T Easy Vector 
(Promega). 
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Figure 33. T7-ligated mouse nAChR α6 subunit cytoplasmic loop cDNA vector map. 
T7-ligated mouse nAChR α6 subunit cytoplasmic loop cDNA was amplified using gene-
specific primers (for antisense and sense riboprobe templates) and cloned into pGEM-T 
Easy Vector.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

pGEM-T Easy 
Vector 
3015bp 

 

nAChR mouse α6 T7-ligated cytoplasmic loop 
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Figure 34. T7-ligated mouse nAChR α6 subunit cytoplasmic loop cDNA template 
sequences cloned into the pGEM-T Easy Vector (Promega).   
This figure shows restriction analysis confirmation of successful ligation of T7-ligated 
mouse α6 antisense (A.) and sense (B.) cDNA template using restriction endonuclease 
Not I.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. 

B. 

 pGEM-T Easy 
Vector = 3Kb 
 
T7-ligated 
mouse α6 
antisense and 
sense 
cytoplasmic 
loops ~ 250bp 
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Figure 35. Sequences of mouse nAChR α4 riborobe cDNA template corresponding to the 
cytoplasmic loop (A.).  Translated sequence (B.). 
 
A. 
1   AGGCCTGTCA CCTGCCCCAA CTTTCTGCAA CCGCATGGAC ACAGCAGTCG 
51  AGACCCAGCC TACATGCAGG TCACCCTCCC ACAAGGTCCC TGACTTGAAG 
101 ACATCAGAGG TTGAGAAGGC CAGTCCCTGT CCATCACCTG GCTCCTGTCA 
151 CCCACCCAAT AGCAGTGGGG CCCCAGTGCT CATCAAAGCC AGGTCCCTGA 
201 GCGTCCAGCA TGTGCCCAGC TCCCAGGAAG CAGCCGAGGG CAGCATCCGC 
251 TGCCGGTCTC GGAGTATCCA GTACTGTGTT TCCCAAGATG GAGCTGCTTC 
301 CCTGACTGAG AGCAAGCCCA CTGGCTCCCC AGCCTCCCTG AAGACCCGTC 
 
 
B. 
1   GLSPAPTFCN RMDTAVETQP TCRSPSHKVP DLKTSEVEKA SPCPSPGSCH 
51  PPNSSGAPVL IKARSLSVQH VPSSQEAAEG SIRCRSRSIQ YCVSQDGAAS 
101 LTESKPTGSP ASLKTR 
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Figure 36. Amplified cDNA template containing the cytoplasmic loop-coding sequences 
for mouse nAChR α4 subunit antisense and sense riboprobes respectively.   
These ~350bp templates were amplified using primers containing the sequence for T7 
RNA polymerase recognition site (antisense primer contains T7 sequence for antisense 
riboprobe; sense primer contains T7 sequence for sense riboprobe).  The resulting 
products were ~400 bp. 
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Figure 37. Sequences of human nAChR α4 riborobe corresponding to the cytoplasmic 
loop cDNA template (A.).  Translated sequence (B.). 
 
A. 
1   GCACCCGCCC TCACCGTCCT TCTGTGTCCC CCTGGATGTG CCGGCTGAGC 
51  CTGGGCCTTC CTGCAAGTCA CCCTCCGACC AGCTCCCTCC TCAGCAGCCC 
101 CTGGAAGCTG AGAAAGCCAG CCCCCACCCC TCGCCTGGAC CCTGCCGCCC 
151 GCCCCACGGC ACCCAGGCAC CAGGGCTGGC CAAAGCCAGG TCCCTCAGCG 
201 TCCAGCACAT GTCCAGCCCT GGCGAAGCGG TGGAAGGCGG CGTCCGGTGC 
251 CGGTCTCGGA GCATCCAGTA CTGTGTTCCC CGAGACGATG CCGCCCCCGA 
301 GGCAGATGGC CAGGCTGCCG GCGCCCTGGC CTCTCGCAAC ACCCACTCGG  
351 CTGA 
 
B. 
1   HPPSPSFCVP LDVPAEPGPS CKSPSDQLPP QQPLEAEKAS PHPSPGPCRP 
51  PHGTQAPGLA KARSLSVQHM SSPGEAVEGG VRCRSRSIQY CVPRDDAAPE 
101 ADGQAAGALA SRNTHSAE
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Figure 38. Amplified human nAChR α4 subunit cytoplasmic loop cDNA template.  
This ~350bp band was later used as the template for PCR using primers containing the 
sequence for the T7 RNA polymerase recognition site.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39. Amplified human nAChR α4 cytoplasmic loop cDNA template for antisense 
(lane 1, after ladder) and sense (lane 2) riboprobes.   
Construction of mouse nAChR α4 subunit cytoplasmic loop template was done in a 
similar fashion to mouse nAChR α6 construction.  These ~450bp band consists of the 
mouse α4 cytoplasmic loop cDNA template and the T7 RNA polymerase recognition site.  
This product was amplified using gene-specific primers and primer 1 (provided in Lig' n 
Scribe kit, Ambion). This cDNA sequence was later cloned into the pGEM-T Easy 
Vector (Promega). 
 
 
 

 

500bp 

200bp 

 



 139

Figure 40. Nucleic acid cDNA template sequence of “nonsense” control riboprobe. 
 
1   GGGCGAATTG GGCCCGACGT CGCATGCTCC CGGCCGCCAT GGCGGCCGCG 
51  GGAATTCGAT *ATCACTAGT GAATTCGCGG CCGCCTGCAG GTCGACCATA    
101 TGGGAGAGCT CCCAACGCGT TGGATGCATA GCTTGAGTAT TCTATAGTGT  
151 CACCTAAATA GCTTGGCGTA ATCATGGTCA TAGCTGTTTC CTGTGTGAAA  
201 TTGTTATCCG CTCACAATTC CACACAACAT ACGAGCCGGA AGCATAAAGT  
251 GTAAAGCCTG GGGTGCCTAA TGAGTGAGCT AACTCACATT AATTGCGTTG  
301 CGCTCACTGC CCGCTTTCCA GTCGGGAAAC C 
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Figure 41. Human and mouse riboprobes on an ethidium bromide-stained 6% 
polyacrylamide gel.   
Lane 1: Ambion RNA Century Ladder.  Top band is 500 bases.  Bands represent 100 
base increments (100 base band appears as a dimer); Lane 2: human α4 biotinylated 
antisense; Lane 3: mouse α4 biotinylated antisense; Lane 4: mouse α4 non-biotinylated 
antisense; Lane 5: mouse α4 biotinylated sense; Lane 6 mouse biotinylated α6 antisense; 
Lane 7: mouse α6 non-biotinylated antisense; Lane 8: mouse α6 biotinylated sense.    
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Fluorescence in situ Hybridization Using Biotinylated α6 mRNA probe. Glassware, 

forceps, slide racks, and all other lab equipment were treated with RNase Zap and rinsed 

with 95% EtOH and 0.1% Diethyl pyrocarbonate- (DEPC) treated water; all solutions 

were made with 0.1% DEPC-treated water.  Frozen, untreated mouse brains (Swiss 

Webster, adult, mixed sex; obtained from Pel-Freez Biologicals) were sectioned at 20 μm 

on a cryostat (Jung Fridgocut 2800 E, Leica) and mounted onto room-temperature 

Superfrost plus glass slides (Fisher).  Sectioned tissue was preserved at –80oC for at least 

24 hrs.  Slides were transferred to –20oC the day before assay and allowed to warm to 

room temperature for approximately 1h before use.  The sections were fixed with 4% 

paraformaldehyde in 0.1 M phosphate buffer at 4 oC for 20 min, briefly rinsed in 2x 

standard saline citrate solution (SSC), permeabilized with 0.1 M Tris-HCl (pH 7.2 

containing 0.25% Triton X-100 and Nonidet P-40), and washed twice for one min with 

6.5 mM sodium and potassium phosphate, 0.9% sodium chloride (pH 7.2).  Next, slides 

were immersed in 0.1 M triethanolamine [(TEA), pH 8.0] with 500 μl of acetic anhydride 

(pH 8.0) to prevent interactions of the riboprobe with positive charges on the tissue and 

glass as well as to neutralize positively charged amino groups on proteins.  The sections 

were then dehydrated and lipids removed with a 1:1 methanol:acetone wash for five min 

at -20 oC.  The slides are finally rinsed briefly in 2x SSC.   

In the meantime, the prehybridization solution [25% formamide, 10% Dextran 

SO4, 0.05 mg/ml salmon sperm DNA, 4X SSCP, 2.5X Denhardt's solution, 250ug/ml 

tRNA, 4 mM EDTA (pH = 8.0)] was heated at 95 oC for 4 min and snap cooled on ice for 
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5 min.  Following prehybridization treatment, the sections were treated with 

hybridization solution, which contains prehybridization solution and 20 ng/μl 

biotinylated riboprobe or 20ng/µl biotinylated- + 1 µg/µl non- biotinylated riboprobe in 

the case of non-biotinylated competition control slides.  The hybridization reaction was 

done for 17 hrs at 60 oC.   When hybridization was complete, the slides were immersed in 

several standard saline citrate washes of decreasing concentrations to remove unstable 

(non-specific) hybridization of the riboprobe via decreasing tonicity.  A 20 μg/ml RNase 

A wash followed the first 2x SSC wash to remove single-stranded nucleotides.   

The tyramide signal amplification system (TSA, Perkin Elmer) using tyramide 

that is conjugated to cyanine 3 or 5 was incorporated to ensure fluorescent visualization 

in case of low target abundance.  This amplification system utilizes the catalytic activity 

of horse radish peroxidase to covalently bond tyramide-conjugated fluorophore adjacent 

to the biotinylated target.   

The slides were then mounted in Vectashield with DAPI (4’,6-diamidino-2-

phenylindole) (Vector Labs, Inc.) or Prolong Gold with DAPI (Molecular Probes), 

coverslipped and sealed.  Slides were ready for microscopic visualization after 24 hrs, or 

they were kept in a slidebox at 4OC.  Slides were viewed under Olympus IX70 Inverted 

Microscope using Olympus Macrofire software, which was also used in conjunction with 

Olympus U-PMTVC camera to capture images.  Olympus Macrofire software was used 

to uniformly enhance images by adjusting contrast and gamma.  Image Pro Plus V 4.1 

was used to quantify signal intensity.  More specifically, the number of “objects” (made 
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of 3x3 pixel components) with intensity above background was calculated on unaltered 

images.  Data for histograms were gathered by dividing the number of objects by the 

exposure time, since exposure times were quite variable due to the immanent 

inconsistencies of signal strength from multiple FISH experiments or even multiple slides 

within an experiment.  The size of these objects was also measured as the number of 3x3 

pixels per object.  The average object size, divided by exposure time for each image was 

used as one data point.  GraphPad Prism 4.0 was used to create charts with data taken 

from Image Pro Plus V 4.1.  

 For slides that were used for immunohistochemistry, a brief rinse in 2x SSC 

follows post-tyramide incubation washes.  The slides were then incubated in streptavidin 

followed by biotin according a standard protocol (Streptavidin/Biotin Blocking Kit, 

Vectorlabs) to saturate any possible sites free on riboprobes.  One of two primary 

antibodies made in rabbit was then added and incubated overnight at 4 oC.  Anti-

glutamate decarboxylase (AB1511, Chemicon) was diluted 1:1000 in 2x SSC; anti-

tyrosine hydroxylase (AB152, Chemicon) was diluted 1:1000 in 3% normal goat serum, 

2% bovine serum albumin and 2x SSC.  Following overnight incubation and three short 

TNT washes (0.1M Tris-HCl, pH. 7.5, 0.15 M NaCl; 0.05% Tween® 20), residual 

peroxidases were removed via 3% H2O2 incubation.  A biotinylated goat, anti-rabbit 

secondary antibody (BA 1000, Vector laboratories) was diluted to 3 µg/ml in 2% normal 

horse serum and 2x SSC and added to slides for one hr at room temperature.  Following 3 

washes in TNT, slides were then treated with the Tyramide Signal amplification system 
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using fluorescein-conjugated tyramide, coverslipped, and documented as described 

above.   

 

Reverse Transcription Polymerase Chain Reaction (RT-PCR): 

Total mRNA was isolated from hippocampal and VTA extracts from rodents as listed in 

Table X.  Briefly, tissue was immediately incubated in RNAlater (Ambion) at 4oC for 

less than one month and transferred to -20oC until RNA isolation.  Alternatively, snap-

frozen brains (Swiss Webster mice) were dropped into -80oC RNAlater ICE (Ambion) 

and stored at -20oC overnight.  Following overnight incubation, hippocampus and VTA 

were extracted from brains in RNAlater ICE and immediately dropped into TRIzol 

reagent (Invitrogen).  RNA isolation was done according to standard protocol.  Prior to 

RT-PCR, RNA preparations were treated with DNase I (Ambion) to remove residual 

genomic DNA contamination. Typically, 40 µg of mRNA was incubated with 4 units of 

DNase I in a 50 µl reaction at 37°C for 30 min. DNase I was then inactivated by the 

addition of 5 µl of 25 mM EDTA and incubation at 65°C for 10 min. RT was carried out 

using 2 µg of DNA-free total RNA, oligo(dT) 12-18 primer, and a Superscript III 

preamplification system (Invitrogen) in a 20 µl reaction volume. At the end of the RT 

reaction, reverse transcriptase was deactivated by incubation at 75°C for 15 min, and 

RNA was removed by adding 1 unit of RNaseH followed by incubation at 37°C for 30 

min. PCR was performed as previously described using approximately 100 ng of cDNA 

preparation.  One-tenth of each RT-PCR product was then resolved on a 1% agarose gel, 



 145

and sizes of products were determined based on migration relative to mass markers 

loaded adjacently. 

 

iii. Results. 

 

Receptor Binding Microautoradiography. In initial experiments to assess expression of 

possible α6* -nAChR, radioligand binding receptor microautoradiography was done 

using 125I-labeled α conotoxin MII and ICR mouse brain sections alone or in the presence 

of competing epibatidine to define non-specific binding.  In the striatal region, silver 

grain staining was greater for sections exposed to radiotoxin alone than in non-specific 

binding control samples coincubated with an excess of epibatidine (Figure 42).  Labeling 

was most prominent in a cell body-rich area. 
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Figure 42. Localization of putative α6* -nAChR radioligand binding sites using 125I-
labeled α-conotoxin MII.   
Radioligand binding receptor microautoradiography was conducted using 125I-labeled α-
conotoxin MII and c57 blk mouse brain.  Samples were incubated in the presence of 0.5 
nM MII alone (A) or in the presence of competing, 1 nM epibatidine (B).  Sections from 
the mouse striatum (200x magnification) are illustrated showing specific binding through 
a cell body-rich area. Scale bar indicates 50 µm. 
 
A.            B.  
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mRNA fluorescence in situ hybridization. To ascertain regions and levels of expression 

of nAChR  a6 subunits, mRNA FISH was applied to sections covering a wide range of 

regions obtained from Swiss Webster mouse brain.  

 Several control samples were processed in most experiments to ensure riboprobe 

specificity.  Representative images showing typical results are from studies of nAChR α6 

subunit expression in the cingulate cortex (Figure 44) and in the CA1 region of the mouse 

hippocampus (Figure 45).  Positive control studies often conducted in concert assessed 

nAChR α4 subunit expression, as the α4 subunit is abundantly and widely expressed.  

Not illustrated here are results using human nAChR α6 or other subunit riboprobes 

applied to mRNA FISH analysis using SH-EP1 cells stably transfected with human 

nAChR subunits and used as technical controls to develop and ensure proper 

methodology and to validate strategies for production and use of riboprobes.  Only cells 

expressing a specific subunit showed hybridization with the appropriate, antisense 

riboprobe, and no sense riboprobes gave positive staining.  Similarly, biotinylated mouse 

nAChR α4 or α6 subunit sense riboprobes did not hybridize to mouse brain sections (e.g., 

Figure 56).  These studies helped to show specificity of anti-sense riboprobes.  Very 

faint, if any, signal was observed on slides when human nAChR α4 subunit biotinylated 

antisense riboprobe was applied to mouse brain sections (Figure 44) or when mouse 

nAChR α4 biotinylated antisense riboprobe was applied to slides containing cultured 

cells expressing human α4β4 or α4β4 nAChR (not shown) These studies demonstrated 

that stringency of washes used to ensure true hybridization was adequate to prevent cross 
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hybridization of subunit messages from one species with homologous but non-identical 

antisense probes from another species, again demonstrating specificity of hybridization.  

Mouse nAChR α6 subunit mRNA signal was eradicated when biotinylated antisense 

riboprobe was applied in the presence of a 50x excess of α6 non-biotinylated antisense 

riboprobe e.g., see Figure 45).  When a 50x excess of mouse nAChR α4 subunit non-

biotinylated antisense riboprobe was added to the hybridization solution containing 

mouse α6 subunit biotinylated antisense riboprobe, there was a slight reduction in mouse 

α6 signal (e.g., see Figure 45).  This could be due to the extreme abundance of riboprobe 

in the hybridization solution.       

 For mouse α6 antisense slides, the number of objects was significantly greater 

than those of any negative controls (mouse α6 sense, mouse α4 sense and/or human α4 

antisense) in all brain regions except for perirhinal cortex.  Although the difference in 

object number for mouse α6 antisense and mouse α6 sense did not reach statistical 

significance for perirhinal cortex, subjective observation suggests that statistical 

significance would be reached if replications of the experiment were conducted.  No 

objects could be measured in many negative control slides.  Of the objects that could be 

measured, object sizes in mouse α6 antisense slides were significantly greater than those 

of all negative controls (mouse α6 sense, mouse α4 sense and human α4 antisense) for 

hippocampal areas only (Figure 55).  No objects existed above background intensity for 

cingulate cortex and zona incerta.  
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FISH results reveal α6 mRNA expression in regions of adult Swiss Webster mice 

that are similar to those reported in adult CD1, C57blk mice and Sprague Dawley rats 

including VTA and substantia nigra.  For the present study, FISH experiments were 

performed on tissue sections representing the entire mouse brain.  Images were taken of 

regions that displayed high levels of signal.  After several assays, images were analyzed.  

Regions for which multiple images were taken were quantified.  α6 mRNA expression 

has been previously established by ISH in substantia nigra and VTA in C57BL/6 mice 

ages postnatal day 1 (P1) and P7 (Magdaleno et al., 2006), CD1 mice of unspecified age 

(Champtiaux et al., 2002), and Sprague Dawley rats (female, 175-200g; male, 250-275g 

Azam et al., 2002).  Alpha 6 mRNA signal was also present in several additional brain 

regions including, cingulate cortex, entorhinal cortex, dentate gyrus, perirhinal cortex, 

piriform cortex, and prelimbic cortices and zona incerta (Figures 59, 61, 63, 65, 67, 69, 

and 80).  Coexpression of α6 mRNA and GAD was found in amygdala, cingulate cortex, 

entorhinal cortex, dentate gyrus, and perirhinal and prelimbic cortices (Figures 57, 60, 62, 

64, 66 and 70).  Coexpression of α6 mRNA and TH was found in substantia nigra and 

VTA (Figures 75 and 79).  Regions examined in this study displayed highest levels of α6 

mRNA signal.  Regions including cerebellum, brainstem, and olfactory bulb displayed 

only background levels of signal.  
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Figure 43. Human nAChR α4 subunit mRNA expression in SH-EP1 cells transfected 
with human nAChR subunit α4β4 cDNA. 
SH-EP1 cells stably expressing nAChR α4 and β2 subunit mRNA were subjected to 
fluorescence in situ hybridization (FISH) studies using human nAChR α4 subunit 
antisense biotinylated riboprobe (A), human α4 sense riboprobe (B), or mouse α6 
biotinylated antisense riboprobe (C).  Only cells labeled with the human α4 antisense 
probe show strong signal, and there is virtually no staining when human α4 sense or 
mouse α6 antisense are used.  Images support a high degree of riboprobe specificity since 
mouse α6 antisense does not hybridize to SH-EP1 cells transfected with human nAChR 
α4 subunit mRNA (C).  Scale bar represents 100 μm for these images obtained at 200x 
magnification. 
 
A.            B.         C.     
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Figure 44. nAChR α4 or α6 subunit mRNA expression in mouse cingulate cortex.   
Swiss Webster mouse cingulate cortex sections were subjected to mRNA FISH studies 
using mouse nAChR α4 subunit antisense biotinylated riboprobe (A), human α4 antisense 
biotinylated riboprobe (B), mouse α6 antisense biotinylated riboprobe (C), or mouse α6 
sense biotinylated riboprobe (D).  Mouse α4 antisense probe staining is considerably 
more intense than mouse α6 antisense probe staining.  Staining is absent for both human 
α4 antisense and mouse α6 sense probes.  Different staining patterns of α4 and α6 
antisense probes and lack of homologous human α4 antisense probe hybridization in 
mouse further signify hybridization specificity.  Scale bar represents 100 μm for these 
images obtained at 200x magnification. 
 

A. mouse α4 antisense  B. human α4 antisense 

C. mouse α6 antisense  D. mouse α6 sense 
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Figure 45. nAChR α6 or α4 subunit mRNA expression in mouse CA1 hippocampus. 
Swiss Webster mouse CA1 hippocampal sections were subjected to mRNA fluorescence 
in situ hybridization studies using mouse nAChR α6 subunit antisense biotinylated 
riboprobe (A), mouse α6 antisense biotinylated riboprobe in the presence of a 50x mass 
excess of mouse nAChR α4 subunit non-biotinylated antisense riboprobe (B), mouse 
nAChR α4 subunit biotinylated antisense riboprobe (C), mouse α4 biotinylated sense 
riboprobe (D), or mouse α6 biotinylated antisense riboprobe in the presence of a 50x 
mass excess of mouse α6 non-biotinylated antisense riboprobe (E).  Strong labeling of 
mRNA with α6 or α4 antisense probes is evident, whereas staining with sense probes (for 
α4 in this case) is absent.  Furthermore, although there is some decrease in α6 antisense 
riboprobe staining in the presence of excess α4 non-biotinylated probe, that staining is 
obliterated in the presence of excess, competing, non-biotinylated α6 antisense probe, 
demonstrating specificity of hybridization.  Scale bar represents 100 μm for these images 
obtained at 200x magnification. 
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Figure 46. Quantification of nAChR mouse subunit mRNA expression in amygdala. 
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 6), mouse α6 
biotinylated sense (n = 6), mouse α4 biotinylated antisense (n = 1), mouse α6 biotinylated 
antisense with 50x (mass) excess mouse α4 non-biotinylated antisense (n = 1), or mouse 
α6 biotinylated antisense with a 50x (mass) excess of mouse α6 non-biotinylated 
antisense (n = 1) riboprobes.  Staining intensity levels for mouse α6 biotinylated sense, 
mouse α6 biotinylated antisense with excess mouse α4 non-biotinylated antisense and 
mouse α6 biotinylated antisense with excess mouse α6 non-biotinylated antisense were 
significantly lower than those for mouse α6 biotinylated antisense riboprobes.  Intensity 
measurements were calculated by counting the number of “objects” (consisting of 3x3 
pixel components) exhibiting intensities above background.  Histograms were created by 
dividing the number of objects for each image by the exposure time, since exposure times 
were quite variable due to the immanent inconsistencies of signal strength from multiple 
FISH experiments.  Data represent a percent of mouse α6 biotinylated antisense 
riboprobe intensity (to adjust for inter-experimental variation in signal strength; done for 
all histograms).  GraphPad Prism 4.0 was used to create charts with intensity 
measurements taken from Image Pro Plus V 4.1.   
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Figure 47. Quantification of nAChR mouse subunit mRNA expression in cingulate 
cortex. 
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization  using nAChR mouse α6 biotinylated antisense (n = 6), mouse α6 
biotinylated sense (n = 6), mouse α4 biotinylated antisense (n = 1), human α4 
biotinylated antisense (n = 2), or mouse α6 biotinylated antisense with a 50x (mass) 
excess of mouse α6 non-biotinylated antisense (n = 3) riboprobes.  Staining intensity 
levels for mouse α6 biotinylated sense and human α biotinylated antisense were 
significantly lower than those for mouse α6 biotinylated antisense riboprobes.  Intensity 
measurements were calculated by counting the number of “objects” (consisting of 3x3 
pixel components) exhibiting intensities above background.  Histograms were created by 
dividing the number of objects for each image by the exposure time, since exposure times 
were quite variable due to the immanent inconsistencies of signal strength from multiple 
FISH experiments.  Data represent a percent of mouse α6 biotinylated antisense 
riboprobe intensity.  GraphPad Prism 4.0 was used to create charts with intensity 
measurements taken from Image Pro Plus V 4.1. 
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Figure 48. Quantification of nAChR mouse subunit mRNA expression in entorhinal 
cortex.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 3), mouse α6 
biotinylated sense (n = 2), mouse α4 biotinylated antisense (n = 1), or mouse α6 
biotinylated antisense with a 50x (mass) excess of mouse α4 non-biotinylated antisense 
(n = 1) riboprobes.  Intensity levels for mouse α6 biotinylated sense were significantly 
lower than those for mouse α6 biotinylated antisense.  Intensity measurements were 
calculated by counting the number of “objects” (consisting of 3x3 pixel components) 
exhibiting intensities above background.  Histograms were created by dividing the 
number of objects for each image by the exposure time, since exposure times were quite 
variable due to the immanent inconsistencies of signal strength from multiple FISH 
experiments.  Data represent a percent of mouse α6 biotinylated antisense riboprobe 
intensity.  GraphPad Prism 4.0 was used to create charts with intensity measurements 
taken from Image Pro Plus V 4.1. 
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Figure 49. Quantification of nAChR mouse subunit mRNA expression in hippocampal 
structures.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 7), mouse α6 
biotinylated sense (n = 5), mouse α4 biotinylated antisense (n = 3), mouse α4 biotinylated 
sense, mouse α6 biotinylated antisense with a 50x (mass) excess of mouse α4 non-
biotinylated antisense (n = 2), or mouse α6 biotinylated antisense with 50x (mass) excess 
of mouse α6 non-biotinylated antisense (n = 2) riboprobes.  Intensity levels for mouse α6 
biotinylated sense, mouse α4 biotinylated antisense, and mouse α6 biotinylated antisense 
with excess mouse α6 non-biotinylated antisense were significantly lower than those for 
mouse α6 biotinylated antisense riboprobes.  Intensity measurements were calculated by 
counting the number of “objects” (consisting of 3x3 pixel components) exhibiting 
intensities above background.  Histograms were created by dividing the number of 
objects for each image by the exposure time.  Data represent a percent of mouse α6 
biotinylated antisense riboprobe intensity.  GraphPad Prism 4.0 was used to create charts 
with intensity measurements taken from Image Pro Plus V 4.1. 
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Figure 50. Quantification of nAChR mouse subunit mRNA expression in perirhinal 
cortex.  
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 2) or mouse α6 
biotinylated sense (n = 2) riboprobes.  Intensity levels for mouse α6 biotinylated sense 
were significantly lower than those for mouse α6 biotinylated antisense riboprobes.  
Intensity measurements were calculated by counting the number of “objects” (consisting 
of 3x3 pixel components) exhibiting intensities above background.  Histograms were 
created by dividing the number of objects for each image and by the exposure time.  Data 
represent a percent of mouse α6 biotinylated antisense riboprobe intensity.  GraphPad 
Prism 4.0 was used to create charts with intensity measurements taken from Image Pro 
Plus V 4.1. 
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Figure 51. Quantification of nAChR mouse subunit mRNA expression in piriform cortex. 
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization  using nAChR mouse α6 biotinylated antisense (n = 6), mouse α6 
biotinylated sense (n = 3), mouse α4 biotinylated antisense (n = 2), human α4 
biotinylated antisense (n = 3), mouse α4 biotinylated sense (n = 2), mouse α6 biotinylated 
antisense with a 50x (mass) excess of mouse α4 non-biotinylated antisense (n = 1), or 
mouse α6 biotinylated antisense with a 50x (mass) excess of mouse α6 non-biotinylated 
antisense (n = 1) riboprobes.  Intensity levels for mouse α6 biotinylated sense, human α4 
biotinylated antisense, mouse α4 biotinylated antisense with excess mouse α4 non-
biotinylated antisense, and mouse α6 biotinylated antisense with excess mouse α6 non-
biotinylated antisense were significantly lower than those for mouse α6 biotinylated 
antisense riboprobes.  Intensity measurements were calculated by counting the number of 
“objects” (consisting of 3x3 pixel components) exhibiting intensities above background.  
Histograms were created by dividing the number of objects for each image the exposure 
time.  Data represent a percent of mouse α6 biotinylated antisense riboprobe intensity.  
GraphPad Prism 4.0 was used to create charts with intensity measurements taken from 
Image Pro Plus V 4.1. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

piriform cortex object number

6 a
ntis

en
se

α

6 s
en

se

α
4 a

ntis
en

se

α 4 a
ntis

en
se

αh

4 s
en

se

α
4A

nB

α

6A
S+

α

6A
nB

α

6A
S+ 

α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

fr
ac

tio
n 

of
 m

ou
se

 a
lp

ha
 6

* 

* 

 
* 

value = 0 

 
* 

value = 0 

 
* 

value = 0 

* 100% 



 159

Figure 52. Quantification of nAChR mouse subunit mRNA expression in substantia 
nigra.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization  using nAChR mouse α6 biotinylated antisense (n = 7), mouse α6 
biotinylated sense (n = 5), mouse α4 biotinylated antisense (n = 1), mouse α4 biotinylated 
sense (n = 2), mouse α6 biotinylated antisense with a 50x (mass) excess of mouse α4 
non-biotinylated antisense (n = 3), or mouse α6 biotinylated antisense with a 50x (mass) 
excess of mouse α6 non-biotinylated antisense (n = 2) riboprobes.  Intensity levels for 
mouse α6 biotinylated sense, mouse α4 biotinylated sense, and mouse α6 biotinylated 
antisense with excess mouse α6 non-biotinylated antisense were significantly lower than 
those for mouse α6 biotinylated antisense riboprobes.  Intensity measurements were 
calculated by counting the number of “objects” (consisting of 3x3 pixel components) 
exhibiting intensities above background.  Histograms were created by dividing the 
number of objects for each image by the exposure time.  Data represent a percent of 
mouse α6 biotinylated antisense riboprobe intensity.  GraphPad Prism 4.0 was used to 
create charts with intensity measurements taken from Image Pro Plus V 4.1. 
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Figure 53. Quantification of nAChR mouse subunit mRNA expression in ventral 
tegmental area.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 5), mouse α6 
biotinylated sense (n = 3), mouse α4 biotinylated antisense (n = 1), or mouse α4 
biotinylated sense (n = 2) riboprobes.  Intensity levels for mouse α6 biotinylated sense 
and mouse α4 biotinylated sense were significantly lower than those for mouse α6 
biotinylated antisense riboprobes.  Intensity measurements were calculated by counting 
the number of “objects” (consisting of 3x3 pixel components) exhibiting intensities above 
background.  Histograms were created by dividing the number of objects for each image 
by the exposure time.  Data represent a percent of mouse α6 biotinylated antisense 
intensity.  GraphPad Prism 4.0 was used to create charts with intensity measurements 
taken from Image Pro Plus V 4.1. 
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Figure 54. Quantification of nAChR mouse subunit mRNA expression in ventral 
tegmental area.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 3) or mouse α6 
biotinylated sense (n = 3) riboprobes.  Intensity levels for mouse α6 biotinylated sense 
were significantly lower than those for mouse α6 biotinylated antisense riboprobes.  
Intensity measurements were calculated by counting the number of “objects” (consisting 
of 3x3 pixel components) exhibiting intensities above background.  Histograms were 
created by dividing the number of objects for each image by the exposure time.  Data 
represent a percent of mouse α6 biotinylated antisense riboprobe intensity.  GraphPad 
Prism 4.0 was used to create charts with intensity measurements taken from Image Pro 
Plus V 4.1. 
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Figure 55. A second quantification of nAChR mouse subunit mRNA expression in the 
amygdala.   
Signal intensity quantification was done for slides subjected to fluorescence in situ 
hybridization using nAChR mouse α6 biotinylated antisense (n = 6), mouse α6 
biotinylated sense (n = 6), mouse α4 biotinylated antisense (n = 1) or mouse α6 
biotinylated antisense with a 50x (mass) excess of mouse α4 non-biotinylated antisense 
(n = 1) riboprobes.  Intensity levels for mouse α6 biotinylated sense were significantly 
lower than those for mouse α6 biotinylated antisense riboprobes.  Intensity measurements 
were calculated by measuring the number of 3x3 pixel blocks per “object” above 
background intensity.  Objects with intensity levels above background were not present 
for negative control slides for cingulate cortex and zona incerta.   Measurable negative 
control object sizes were not significantly smaller than those of mouse α6 for entorhinal 
cortex, hippocampal structures, perirhinal cortex, piriform cortex, substantia nigra, and 
ventral tegmental area.  Data for histograms were gathered by dividing the average object 
size by exposure time for each image.  GraphPad Prism 4.0 was used to create charts with 
intensity measurements taken from Image Pro Plus V 4.1. 
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Figure 56. nAChR α6 subunit mRNA expression in mouse amygdala.   
Swiss Webster mouse amygdala sections were subjected to mRNA FISH studies using 
mouse nAChR α6 subunit antisense biotinylated riboprobe (A), or mouse nAChR α6 
sense biotinylated riboprobe (B).  Slides were mounted with Vectashield with DAPI 
(4’,6-diamidino-2-phenylindole) for orientation and to visualize cell nuclei.  Mouse 
amygdala region (white box) (C).  Labeling of nAChR mouse α6 subunit mRNA is 
conspicuous using α6 antisense probes.  No labeling is seen using α6 sense probes. Scale 
bar represents 50 μm for images obtained at 200x magnification (A, B)and 200 μm for 
images taken at 40x magnification (C). 
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Figure 57. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse amygdala.   
Swiss Webster mouse amygdala sections were subjected to mRNA FISH studies using 
mouse nAChR α6 subunit antisense biotinylated riboprobe labeled with cyanine 5 (red), 
followed by fluorescence immunohistochemistry (IHC) using primary antibodies 
targeting GAD labeled with fluorescein (green).  Slides were mounted with Vectashield 
with DAPI (4’, 6-diamidino-2-phenylindole) for orientation and to visualize cell nuclei 
(blue).  nAChR mouse α6 subunit mRNA is co-expressed with GAD in many cells (e.g., 
yellow arrow).  Some cells express only α6 mRNA (e.g., red arrow), and some express 
only GAD (e.g., green arrow).  Scale bar represents 50 μm for images obtained at 200x 
magnification. 
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Figure 58. Glutamic acid decarboxylase (GAD) expression in the cingulate cortex.   
Swiss Webster mouse brain sections containing the cingulate cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe, 
followed by fluorescence immunohistochemistry (IHC) using primary antibodies 
targeting GAD labeled with fluorescein (green).  Positive GAD staining can be seen 
slides where primary antibody (1:1000) is applied (A).  Staining is absent in slides that 
were not incubated in primary antibody (B).  Scale bar represents 50 μm for images 
obtained at 200x. 
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Figure 59. nAChR α6 subunit mRNA expression in mouse cingulate cortex.   
Swiss Webster mouse brain sections containing the cingulate cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) to visualize cell nuclei.  Mouse 
cingulate cortex region (white box) (C).  Labeling of nAChR mouse α6 subunit mRNA is 
conspicuous using α6 antisense probes.  Only non-specific labeling is seen using α6 sense 
probes. Scale bar represents 10 μm for images obtained at 600x magnification (A, B) and 
200 μm for images taken at 40x magnification (C). 
 
A.      B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.  
 
 
 
 
 
 
 
 
 
 
 
 
 



 167

Figure 60. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse cingulate cortex.   
Swiss Webster mouse brain sections containing the cingulate cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).  nAChR mouse α6 subunit mRNA is co-expressed with 
GAD in many cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., red 
arrow), and some express only GAD (e.g., green arrow).  Scale bar represents 10 μm for 
images obtained at 600x magnification. 
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Figure 61. nAChR α6 subunit mRNA expression in mouse entorhinal cortex.   
Swiss Webster mouse entorhinal cortical sections were subjected to mRNA FISH studies 
using mouse nAChR α6 subunit antisense biotinylated riboprobe (A), or mouse nAChR 
α6 sense biotinylated riboprobe (B).  Slides were mounted with Vectashield with DAPI 
(4’,6-diamidino-2-phenylindole) to visualize cell nuclei in the entorhinal cortical region 
(white box) ( C).  Labeling of nAChR mouse α6 subunit mRNA is conspicuous using α6 
antisense probes.  No labeling is seen using α6 sense probes. Scale bar represents 50 μm 
for images obtained at 200x magnification (A, B) and 200 μm for images taken at 40x 
magnification (C). 
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Figure 62. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse entorhinal cortex.   
Swiss Webster mouse brain sections containing the entorhinal cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).  nAChR mouse α6 subunit mRNA is co-expressed with 
GAD in some cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., red 
arrow), and some express only GAD (e.g., green arrow).  Scale bar represents 50 μm for 
images obtained at 200x magnification. 
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Figure 63. nAChR α6 subunit mRNA expression in mouse dentate gyrus.   
Swiss Webster mouse brain sections containing the dentate gyrus were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) to visualize cell nuclei in the 
mouse dentate gyrus region (white box) (C).  Labeling of nAChR mouse α6 subunit 
mRNA is conspicuous using α6 antisense probes.  No labeling is seen using α6 sense 
probes. Scale bar represents 50 μm for images obtained at 200x magnification (A, B) and 
100 μm for images taken at 40x magnification (C). 
A.      B. 
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Figure 64. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse dentate gyrus.   
Swiss Webster mouse brain sections containing the dentate gyrus were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).  nAChR mouse α6 subunit mRNA expression is 
limited to GABAergic cells in the polymorph area of the dentate gyrus (e.g., yellow 
arrow).    Some cells express only GAD (e.g., green arrow).  In the granule cell layer, 
mouse α6 mRNA is co-expressed with GAD (heavy yellow arrow), and expressed alone 
(red arrow).  Scale bar represents 50 μm for images obtained at 200x magnification. 
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Figure 65. nAChR α6 subunit mRNA expression in mouse perirhinal cortex.   
Swiss Webster mouse brain sections containing the perirhinal cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) to visualize cell nuclei in the 
mouse perirhinal cortex region (white box) (C).  Labeling of nAChR mouse α6 subunit 
mRNA is conspicuous using α6 antisense probes.  Faint, non-specific labeling is seen 
using α6 sense probes. Scale bar represents 50 μm for images obtained at 200x 
magnification (A, B) and 100 μm for images taken at 40x magnification (C). 
 
A.      B. 
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Figure 66. nAChR α6 subunit mRNA co-expression with DAPI in mouse perirhinal 
cortex.   
Swiss Webster mouse brain sections containing the perirhinal cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red).  Slides were mounted with Vectashield with DAPI (4’,6-
diamidino-2-phenylindole) for orientation and to visualize cell nuclei (blue).  Scale bar 
represents 50 μm for images obtained at 200x magnification.
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Figure 67. nAChR α6 subunit mRNA expression in mouse piriform cortex.   
Swiss Webster mouse brain sections containing the piriform cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to visualize 
cell nuclei in the mouse piriform cortical region (white box) (C).  Labeling of nAChR 
mouse α6 subunit mRNA is conspicuous using α6 antisense probes.  No labeling is seen 
using α6 sense probes. Scale bar represents 50 μm for images obtained at 200x 
magnification (A, B) and 100 μm for images taken at 40x magnification (C). 
 
A.      B. 
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Figure 68. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse piriform cortex.   
Swiss Webster mouse brain sections containing the piriform cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA expression is 
limited to GABAergic cells (e.g., yellow arrow).    Some cells express only GAD (e.g., 
green arrow).  Scale bar represents 50 μm for images obtained at 200x magnification. 
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Figure 69. nAChR α6 subunit mRNA expression in mouse prelimbic cortex.  
Swiss Webster mouse brain sections containing the prelimbic cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to visualize 
cell nuclei in the mouse prelimbic cortical region (white box) (C).  Labeling of nAChR 
mouse α6 subunit mRNA is conspicuous using α6 antisense probes.  No labeling is seen 
using α6 sense probes. Scale bar represents 50 μm for images obtained at 200x 
magnification (A, B) and 100 μm for images taken at 40x magnification (C). 
 
A.       B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C. 
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Figure 70. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse prelimbic cortex.   
Swiss Webster mouse brain sections containing the prelimbic cortex were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed 
with GAD in many cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., 
red arrow), and some express only GAD (e.g., green arrow).  Scale bar represents 10 μm 
for images obtained at 600x magnification. 
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Figure 71. nAChR α6 subunit mRNA expression in mouse striatum.   
Swiss Webster mouse striatal sections were subjected to mRNA FISH studies using 
mouse nAChR α6 subunit antisense biotinylated riboprobe (A), or mouse nAChR α6 
sense biotinylated riboprobe (B).  Slides were mounted with Vectashield with DAPI 
(4’,6-diamidino-2-phenylindole) for orientation and to visualize cell nuclei in the mouse 
striatum region (white box) (C).  Labeling of nAChR mouse α6 subunit mRNA is 
conspicuous using α6 antisense probes.  Only faint, non-specific labeling is seen using α6 
sense probes. Scale bar represents 50 μm for images obtained at 200x magnification (A, 
B) and 100 μm for images taken at 40x magnification (C). 
A.  
 
 
 
 
 
 
 
 
 
 
 
 
 
B.  
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Figure 72. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse striatum.   
Swiss Webster mouse brain sections containing the striatum were subjected to mRNA 
FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe labeled 
with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) using 
primary antibodies targeting GAD labeled with fluorescein (green).  Slides were mounted 
with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to 
visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed with GAD 
in some cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., red arrow), 
but these cells occur in sensory cortex.  Mouse striatal neurons do not appear to express 
high levels of nAChR mRNA compared with sensory cortex.  Few cells express only 
GAD (e.g., green arrow).  Scale bar represents 50 μm for images obtained at 200x 
magnification. 
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Figure 73. nAChR α6 subunit mRNA expression in mouse substantia nigra.   
Swiss Webster mouse substantia nigral sections were subjected to mRNA FISH studies 
using mouse nAChR α6 subunit antisense biotinylated riboprobe (A), or mouse nAChR 
α6 sense biotinylated riboprobe (B).  Slides were mounted with Vectashield with DAPI 
(4’,6-diamidino-2-phenylindole) for orientation and to visualize cell nuclei in the mouse 
substantia nigral region (white box) (C).  Labeling of nAChR mouse α6 subunit mRNA is 
conspicuous using α6 antisense probes.  No labeling is seen using α6 sense probes. Scale 
bar represents 50 μm for images obtained at 200x magnification (A, B) and 100 μm for 
images taken at 40x magnification (C). 
 
A.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B.  
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Figure 74. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse substantia nigra.   
Swiss Webster mouse brain sections containing the substantia nigra were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed 
with GAD in most cells (e.g., yellow arrow).  A few cells express only α6 mRNA (e.g., 
red arrow), and a few express only GAD.  The semblant co-expression of GAD and α6 
mRNA in large, perhaps dopaminergic, neurons could be GAD expressed in GABAergic 
nerve terminals that are innervating the large cell (e.g., white arrow).  Scale bar 
represents 10 μm for images obtained at 600x magnification. 
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Figure 75. nAChR α6 subunit mRNA and tyrosine hydroxylase (TH) co-expression in 
mouse substantia nigra.   
Swiss Webster mouse brain sections containing the substantia nigra were subjected to 
mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting TH labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed 
with TH in some cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., red 
arrow).  TH appears to be exclusively co-expressed with nAChR α6 subunit mRNA.  
Scale bar represents 50 μm for images obtained at 200x magnification. 
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Figure 76. Tyrosine hydroxylase (TH) expression in the ventral tegmental area.   
Swiss Webster mouse brain sections containing the ventral tegmental area were subjected 
to mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe, 
followed by fluorescence immunohistochemistry (IHC) using primary antibodies 
targeting TH labeled with fluorescein (green).  Positive TH staining can be seen slides 
where primary antibody is applied (A).  Staining is absent in slides that were not 
incubated in primary antibody (B).  Scale bar represents 50 μm for images obtained at 
200x. 
 
A.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
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Figure 77. nAChR α6 subunit mRNA expression in mouse ventral tegmental area.   
Swiss Webster mouse brain sections containing the ventral tegmental area were subjected 
to mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
(A), or mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to visualize 
cell nuclei in the mouse ventral tegmental area (white box) (C).  Labeling of nAChR 
mouse α6 subunit mRNA is conspicuous using α6 antisense probes.  No labeling is seen 
using α6 sense probes. Scale bar represents 50 μm for images obtained at 200x 
magnification (A, B) and 100 μm for images taken at 40x magnification (C). 
   
A.       B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.  
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Figure 78. nAChR α6 subunit mRNA and glutamic acid decarboxylase (GAD) co-
expression in mouse ventral tegmental area.   
Swiss Webster mouse brain sections containing the ventral tegmental area were subjected 
to mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry (IHC) 
using primary antibodies targeting GAD labeled with fluorescein (green).  Slides were 
mounted with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation 
and to visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed 
with GAD in most cells (e.g., yellow arrow).  A few cells express only α6 mRNA (e.g., 
red arrow), and it appears that none express only GAD.  The semblant co-expression of 
GAD and α6 mRNA in large, perhaps dopaminergic, neurons could be GAD expressed in 
GABAergic nerve terminals that are innervating the large cell (e.g., white arrow).  Scale 
bar represents 10 μm for images obtained at 600x magnification. 
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Figure 79. nAChR α6 subunit mRNA and tyrosine hydroxylase (TH) co-expression in 
mouse ventral tegmental area.   
Swiss Webster mouse brain sections containing the ventral tegmental area were subjected 
to mRNA FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe 
labeled with cyanine 5 (red), followed by fluorescence immunohistochemistry using 
primary antibodies targeting TH labeled with fluorescein (green).  Slides were mounted 
with Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to 
visualize cell nuclei (blue).   nAChR mouse α6 subunit mRNA is co-expressed with TH 
in some cells (e.g., yellow arrow).  Some cells express only α6 mRNA (e.g., red arrow).  
TH appears to be exclusively co-expressed with nAChR α6 subunit mRNA.  Scale bar 
represents 10 μm for images obtained at 600x magnification. 
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Figure 80. nAChR α6 subunit mRNA expression in mouse zona incerta.   
Swiss Webster mouse brain sections containing the zona incerta were subjected to mRNA 
FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe (A), or 
mouse nAChR α6 sense biotinylated riboprobe (B).  Slides were mounted with 
Vectashield with DAPI (4’,6-diamidino-2-phenylindole) for orientation and to visualize 
cell nuclei in the mouse zona incerta region (white box) (C).  Labeling of nAChR mouse 
α6 subunit mRNA is conspicuous using α6 antisense probes.  No labeling is seen using 
α6 sense probes. Scale bar represents 50 μm for images obtained at 200x magnification 
(A, B) and 100 μm for images taken at 40x magnification (C). 
A.       B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.  
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Figure 81. nAChR α6 subunit mRNA co-expression with DAPI in mouse zona incerta. 
Swiss Webster mouse brain sections containing the zona incerta were subjected to mRNA 
FISH studies using mouse nAChR α6 subunit antisense biotinylated riboprobe labeled 
with cyanine 5 (red).  Slides were mounted with Vectashield with DAPI (4’,6-diamidino-
2-phenylindole) for orientation and to visualize cell nuclei (blue).   Scale bar represents 
50 μm for images obtained at 200x magnification. 
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 RT-PCR. To confirm the presence of α6 nAChR mRNA expression in mice, RT-PCR 

was performed on the VTA and hippocampus of C57blk and Swiss Webster mice at ages 

1 week and 2 weeks.  The same primers used to create the mα6 riboprobe template were 

used to create RT-PCR products.  These results establish the presence of mouse α6 

nAChR subunit mRNA in CA1 and VTA of these mice (Figure 82).      

 

 
Figure 82. RT-PCR shows expression of nAChR mouse α6 cytoplasmic loop mRNA in 
C57bkl mice at ages 1 and 2 weeks.   
The sample in each lane is identified in a 1% agarose gel stained with ethidium bromide.  
Each number identifies a lane (DNA ladders are not given a lane number).  The correct 
band size is 200bp. 
 

 

 

 

 

 

1:  1 week male, CA1 
2:  1 week male, VTA 
3:  1 week female, CA1 
4:  1 week female, VTA 
5:  2 week male, CA1 
6:  2 week male, VTA 
7:  2 week female, CA1 
8:  2 week female, VTA 
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iv. Discussion 
 

Studies of nAChR subunit expression define the possible range of expression of 

nAChR containing those subunits and – based on known functional participation of brain 

regions - physiological roles that nAChR containing those subunits may play.  Ideally, 

nAChR expression would be detected at the protein level since it is protein function that 

affects cellular physiology.  Immunochemical studies are designed to look at nAChR 

subunit expression, immunoprecipitation/western blot analysis has the capacity to reveal 

protein-protein interactions, such as nAChR subunits in the same closed assembly, 

provided that conditions for initial isolation are not so severe as to dissociate nAChR but 

stringent enough to shed more loosely associated proteins, such as cytoskeletal or 

cytoplasmic elements interacting with nAChR subunit cytoplasmic domains.  However, 

in practice, immunochemical studies of nAChR subunit distribution and assembly have 

been limited.  The high degree of homology across nAChR subunit amino acid sequences 

compromises specificity of antibodies.  Subunit-specific sequences may be buried and not 

available for reaction with an antibody, and conformational sensitivity of antigen 

structure means that a series of antibodies may be needed to recognize intact, denatured 

or fixed forms of subunits in immunoprecipitation, western or immunostaining studies.  

Epitopes identified by antibodies made against isolated subunits or subunit peptides could 

be masked in the assembled nAChR if not in the full length, folded subunit.  Cases in 

point are immunological studies of nAChR α6 subunits.  There is a paucity of anti-α6 
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subunit antibodies with sufficient affinity and specificity for target and the presumed low 

abundance of native α6 subunit proteins further confounds their study using 

immunochemical techniques.     

Reverse transcriptase-polymerase chain reactions (RT-PCR) are sensitive 

approaches to specifically determine nAChR subunit mRNA expression.  RT-PCR can be 

done at the regional and single-cell level, although regional RT-PCR samples 

heterogeneous set of cells, and single cell RT-PCR is arduous.  Moreover, neither 

approach provides information on the intracellular location of mRNA – e.g., whether it 

resides perinuclearly, or perhaps in a neuronal projection.  Caution is needed in selection 

of primers used for RT-PCR to ensure that they only amplify the target of interest, but 

sequencing of product can be used to confirm product identity and even to identify  

alternatively spliced mRNA. 

mRNA in situ hybridization (ISH) is commonly used to detect gene expression in 

cultured cells or in tissue sections.  This method utilizes tagged, fabricated strands of 

labeled riboprobes or oligonucleotides designed to exactly complement an endogenous 

mRNA strand of interest, thereby ensuring specificity of interaction, even when there are 

closely homologous messages in the sample.  Riboprobes may be labeled isotopically or 

with fluorophores or tagged for such labeling with entities such as digoxygenin or biotin 

by the incorporation of radiolabeled or conjugated ribonucleotides into the in vitro 

transcription reaction used to create riboprobes.  Stability of RNA:RNA or RNA:DNA 

hybrids formed during ISH reactions allows stringent washing of samples, and digestion 
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of single-stranded mRNA in hybridization mismatches combine to help ensure specificity 

of interaction.  ISH allows not only regional visualization of RNA, but also allows 

measurement of the relative level of mRNA in various brain regions.  Especially when 

using fluorescent probes, intracellular localization of message can be defined.  

Additionally, when used in conjunction with immunochemistry applications, ISH can be 

used to visualize coexpression of mRNA corresponding to one target and other protein 

often providing clues about the cell in which the mRNA of interest is expressed.   

Studies from several laboratories using ISH have provided insight into expression 

in mammalian brain of nAChR α6 subunits as message. These studies suggest that α6 

subunit mRNA is localized in rat and mouse brain dopaminergic regions including the 

VTA and substantia nigra (Azam et al., 2002; Magdaleno et al., 2006; Champtiaux et al., 

2002).  α6 mRNA has also been reported in the substantia nigra, VTA, medial habenula, 

and cerebellum and locus coeruleus of squirrel monkeys (Quick et al., 2000).  This 

limited nAChR α6 subunit expression to a much narrower set of brain regions than found 

for many other nAChR subunits.  However, these studies typically employed isotopic 

ISH, which is useful in detecting and giving insights into levels of regional mRNA, but 

does not allow intracellular visualization of mRNA or high spatial resolution 

identification of cell types containing message.   

mRNA FISH studies described here show a much broader distribution of nAChR 

α6 subunit message in the mouse brain than previously described.  Moreover, this 

distribution is clearly defined at the cellular level, and colocalization of nAChR α6 
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subunit mRNA with GAD or TH further elucidates the identities of cells expressing 

nAChR α6 subunits.  The current studies also benefited from the use of tagged 

riboprobes allowing for catalytic amplification and highly localized deposition of 

fluorescent reaction products at the site of riboprobe-mRNA hybrid formation, thus 

permitting detection of mRNA even at low levels.  

Specificity of labeling in the current studies was demonstrated in several ways, 

including comparisons of levels of staining obtained using antisense as opposed to sense 

strand probes.  However, much more stringent assessments of staining specificity 

involved studies using antisense probes based on homologous but non-identical 

sequences (e.g., human nAChR α6 subunit riboprobes in mouse and vice versa), and 

hybridization competition studies in which an excess of non-biotinylated riboprobe was 

used to compete for biotinylated probe binding to target.  The latter approach is 

analogous to ways of defining total, non-specific and specific radioligand binding, and it 

can be controlled for total probe concentration by studies using non-homologous 

competing probe.  The results of these studies, substantiated by quantitative analysis of 

object numbers (i.e., hybridization loci of a threshold size and emitting photons above a 

threshold level), validate the approach taken and indicate that essentially any signal 

observed when using antisense riboprobes is authentic. 

Differences in the current and previous findings about nAChR α6 subunit 

expression as mRNA expression can be attributed to several methodological variations 
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but are certainly influenced by differences in nAChR α6 subunit expression patterns 

across species, strains, and age.   

Already mentioned is the greater spatial resolution afforded by FISH over isotopic 

ISH, and it could be argued that use of digital cameras and imaging software with bit 

depths of 8-16 extends the dynamic range and sensitivity of FISH signals beyond those 

attainable using isotopic techniques.  However, nAChR α6 subunit mRNA levels found 

in the current study in the VTA and substantia nigra are no higher on an absolute scale 

than levels found in other brain regions not previously reported to be positive for α6 

subunit message.  Previous investigations may have overlooked non-dopaminergic areas, 

because even isotopic ISH should have shown them as positive for nAChR α6 

expression.   

On the other hand, there could be important differences in riboprobe sequence and 

design.  Assuming that two different probes have already been selected because they are 

specific for the target, inconsistencies could still arise if the probes target different 

regions of the endogenous transcript, obviously if the sequences targeted are in regions 

where there are splice variants, but also because of sequence specific differences in the 

transcript’s or probe’s tertiary structure as well as melting temperature for hybrid 

formation.  Although conditions are usually optimized according to probe size balanced 

against ability of the probe to penetrate tissue, oligonucleotide probes of ~20-50 bases 

will form less stable hybrids than longer probes that can penetrate fixed tissue (e.g., 300-

400 bp) or have been used successfully (e.g., 1500 bp DNA probes).  Variations in post-
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hybridization wash stringencies, composition of hybridization solutions, hybridization 

time/temperature and concentration and incubation time for RNase A washes will also 

affect signal strength.    

The riboprobe used for ISH in CD1 mice targeted the nAChR α6 subunit mRNA 

sequence transcribed from the following template: 5' 

GGGACAATACCAATTAAGAGTTTCCTGTGTTCCCAAGCAGTGGCTGC-3’, base 

pairs 1451-1497 in mouse, which codes for part of the second cytoplasmic loop 

(Champtiaux et al., 2002) .  The sequence used by Azam et al. (2002) in studies of mouse 

α6 nAChR subunit expression was a hydrolyzed mRNA product that was transcribed 

from the entire sequence of the α6 cDNA from an unspecified species; the hydrolyzed 

riboprobe averaged 500 bases.  The riboprobe used for ISH studies in C57blk mice 

targeted approximately 500-800 cDNA bases that translate a region near the C-terminal 

of the mouse α6 subunit.  Thus, incongruence in previous and the current finding about 

nAChR α6 subunit gene expression patterns could be due to alternatively spliced mRNA, 

differences in target sequences, and/or differences in probe length and hybridization 

efficiency.    

Perhaps more importantly and of physiological relevance, differences in nAChR 

subunit gene expression patterns already have been seen across species, strains and ages.   

Age-related effects should be the most obvious, because it is well known that 

gene expression patterns change with development and aging.  For example, there are 

differences in nAChR α4 subunit mRNA distribution patterns in C57blk mice between 



 196

postnatal day 7 and 14 (Magdeleno et al., 2006).  Age-specific dissimilarities in gene 

expression occur in mice for other genes including insulin-growth factor 1A and B 

(Ohtsuki et al., 2005), glucocorticoid receptors and 11beta-hydroxysteroid dehydrogenase 

type-1 (Speirs et al., 2004), VEGF-family receptors (Lagercrantz et al., 1998); and Factor 

IX (aids in blood clotting) is increased with age in mice (Boland et al., 1995).   

Furthermore, species- and even strain-specific differences in gene expression 

must occur, given ample evidence of individual differences in behavior and, more 

specifically, levels of nAChR radioligand binding sites across species and strains (Grady 

et al, 2001; Gahring et al., 2003;), not to mention differences across gender and 

individuals even within a given species and strain.  Specific examples include differences 

in expression of dipeptidyl peptidase in humans and rats (Takimoto et al., 2006), transient 

receptor potential channels in mouse strains (Kunert-Keil et al., 2006), endogenous 

galectins in rats vs. mice (Lensch et al., 2006), mammalian gonadotrophin-releasing 

hormone receptors (Hapgood et al., 2005), pre-pro-neurotensin/neuromedin (Smits et al., 

2004), glutathione-s-transferases across mouse species (Ruiz-Laguna et al., 2005), and 

adenosine receptor A3 and neuronal nitric oxide synthase in CD-1, C3H and B6 mice 

(von Arnim et al., 2004).  Differences in nAChR subunit gene expression between rats 

and mice or rats and humans have been reported (Ishii et al., 2005; Mousavi et al., 2001).   

The expression pattern for the nAChR α6 subunit gene in Swiss Webster mice as 

revealed in the current investigation appears to be more expansive than that reported in 

c57blk mice (Magdaleno et al., 2006) or Sprague Dawley rats (Azam et al., 2002).  In the 
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latter two studies, nAChR α6 subunit expression appears to be limited to the VTA and 

substantia nigra.  Another study using CD1 mice confirmed nAChR α6 subunit 

expression in the VTA and substantia nigra, but also revealed expression in the locus 

coeruleus and retinal ganglion cells (Champtiaux et al., 2002). The latter study also 

reported changes in cytisine, epibatidine, and α-conotoxin MII binding in α6 knockout 

CD1 mice in superior calicles, retinal lateral geniculate nucleus, medial habenula, retina, 

medial vestibular nucleus, nucleus accumbens, interpeduncular nucleus, olivary pretectal 

nucleus, and striatum, implying these brain regions as sites of α6*-nAChR expression.  

The current studies found nAChR α6 subunit mRNA in VTA, substantia nigra and, to a 

limited extent, in the striatum, but detectable levels were not found in the nucleus 

accumbens.  Expression was not thoroughly examined in superior calicles, retinal lateral 

geniculate nucleus, medial habenula, retina, medial vestibular nucleus, interpeduncular 

nucleus, and olivary pretectal nucleus.  Where message and binding findings are 

congruent (i.e., for VTA, substantia nigra and striatum), a strong case could be made for 

somatodendritic localization of α6*-nAChR, particularly if mRNA is localized in 

dopaminergic cells (as shown by the current study) that project to the nucleus accumbens 

or striatum, in which levels of nAChR α6 mRNA are low or absent.  However, if nAChR 

α6 mRNA is expressed on GABAergic interneuron presynaptic terminals, as the current 

study suggests, nAChR α6 gene expression patterns would mimic those of a conotoxin 

MII binding sites.  In cases where there was a loss of radioligand binding in α6 knockout 

mice but no evidence from the current (or published) studies of nAChR α6 subunit 
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expression, perhaps the implicated α6*-nAChR are on nerve terminals from cell bodies 

residing elsewhere.  Origins of such nAChR could be brain regions where the current (or 

previous) studies found nAChR α6 subunit expression as message but no binding sites 

for MII or changes in radioligand binding sites upon α6 subunit gene knockout were 

observed.  Interestingly, the current studies suggest many more possible origins of 

nAChR α6 subunits than previously reported, thereby providing a platform for better 

interpretation of radioligand binding and α6 subunit gene knockout studies, although 

there are caveats about species differences and the usual caveats about complications in 

knockout studies.     

Roles and expression of many presynaptic nAChR subtypes have been studied 

extensively.  For example, presynaptic α7-nAChR modulate GABA release in the 

hippocampus (Barik and Wonnacott, 2006) as well as in the lateral geniculate nucleus 

(Guo et al., 1998).  VTA α4β2-nAChR are desensitized when exposed to chronic 

nicotine, which results in decreased inhibition by local GABAergic interneurons, leading 

to dopamine release (Dani and Harris, 2005).  Current FISH/IHC and previous ISH/IHC 

findings (Azam et al., 2002) of GAD and nAChR α6 mRNA co-expression suggest that 

nAChR ligands can modulate GABA release via α6-nAChR not only where other 

presynaptic nAChR subtype expression has been reported (hippocampus, VTA) but also 

in the cingulate cortex, entorhinal cortex, perirhinal cortex, prelimbic cortex, and 

striatum.  Whether nAChR α6 mRNA is expressed in GABA projection or interneurons is 

unclear based on current data.  
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Studies have shown that meso-striatal (Cui et al., 2003; Kaiser et al., 1998; Kulak 

et al., 1997) and mesolimbic (Grady et al., 2002) dopamine release is sensitive to α6*-

nAChR-selective antagonist, α conotoxin MII.  nAChR ligand-induced modulatation of 

dopamine release occurs via somatodendritic receptors on dopaminergic neurons or via 

presynaptic nAChR on GABAergic interneurons (Champtiaux et al., 2003; Mansvelder et 

al., 2002).  The present study confirms the presence of nAChR α6 subunit and TH 

expression in substantia nigra and VTA; however, high levels of nAChR α6 mRNA were 

not found in the striatum or in the nucleus accumbens.  nAChR α6 subunit mRNA 

distribution and [125I]α conotoxin-MII binding patterns do not entirely coincide.  In fact, 

these patterns suggest that at least some α6*-nAChR are expressed presynaptically.  More 

specifically, a lack of mRNA expression in a region where high levels of [125I]α 

conotoxin MII binding occur (e.g., nucleus accumbens) indicates that nAChR are being 

transported to axon terminals from another location (e.g., VTA).  Autoradiography 

studies using radio-labeled α conotoxin MII -sensitive binding site distribution has also 

been reported in interpeduncular nucleus, lateral geniculate nucleus, medial habenula, 

medial terminal nucleus of the accessory tract, medial vestibular nucleus, olivary 

pretectal nucleus, optic tract, olfactory tubercule, superior calicles, and ventrolateral 

geniculate nucleus (Marubio et al., 2003; Champtiaux et al., 2002; Quik et al., 2001).  

The current study confirms expression of nAChR α6 subunit in VTA, striatum (where 

relatively limited expression was seen) and substantia nigra, and reports expression in the 
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amygdala, cingulate cortex, entorhinal cortex, perirhinal cortex, piriform cortex, 

prelimbic cortex, and zona incerta.   

The results reported here that nAChR α6 subunit gene expression as mRNA is 

much more extensive than previously thought does not necessarily diminish the possible 

roles of α6*-nAChR in pleasure-reward functions involved in mood and emotional 

disorders or in drug dependence.  Interestingly, nAChR α6 expression is prominent in 

brain regions now implicated in the extended pleasure-reward system, such as the 

amygdala, cingulate cortex, hippocampus and its interconnected cortical regions that are 

though to be involved in cognitive functions essential to reward recognition and 

consolidation of stimulus-reward memory (or its obliteration via retraining).  The finding 

that TH+/α6+ neurons are in regions associated with mental illnesses including 

schizophrenia (midbrain, hippocampus) lends to the potential therapeutic possibilities of 

α6*-nAChR subtype selective ligands.  Further understanding of the role for α6*-nAChR 

in the hippocampus and striatum may also lead to advances in Alzheimer’s and 

Parkinson’s disease research.  The finding that many GABAergic cells in several brain 

regions are positive for nAChR α6 subunit message means that α6*-nAChR may play a 

broad role in regulating inhibitory tone across the nervous system.  
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IV. SUMMARY 

 

The present data provide insight as to the natural assembly partners of the human 

α6 subunit and improve on the understanding of the distribution of mouse nAChR α6 

subunit gene expression and types of cells that express those messages.   

Heterologous expression studies involved the creation of a series of cell lines 

expressing human nAChR subunits in the following combinations: α6β2, α6β4, α6β2β3, 

α6β4β3, α6β2β3α5, α6β4β3α5, α6α4β2β3, α6α4β4β3.  Although no functional α6*-

nAChR were created in studies of cell lines transfected with α6 subunits without α4 

subunits, epibatidine-sensitive α conotoxin MII radioligand binding was detected in cells 

expressing α6, β4, β3 and α5 subunits.  The fact that no binding was found in cells 

expressing α6, β4 and β3 subunits suggests that the nAChR α5 subunit is required for 

formation of radioligand-binding α6β4β3α5-nAChR.  

Cells transfected with human nAChR α6α4β2β3 or α6α4β4β3 subunits did 

exhibit functional responses to cholinergic and nicotinic agonists, suggesting that 

functional nAChR of the putative, respective subunit compositions might naturally exist.  

However, other than a possible difference in potency and efficacy of some nicotinic 

agonists acting at these putative α6*-nAChR and simpler α4β2- or α4β4-nAChR, there 

was no dramatic evidence of contributions of α6 and/or β3 subunits to receptor function.  

Nevertheless, because there is evidence from other investigations for coassembly of α6 
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and α4 subunits in rodent nAChR, cell lines likely have been created that express α6*-

nAChR as at least of subset of total nAChR. 

Studies using nAChR α6 subunit knockout mice show disappearance of α 

conotoxin MII binding and changes in the number of nAChR ligand-binding sites in 

several brain regions including superior colliculous, dorsal lateral geniculate nucleus, 

retina, ventral tegmental area and caudate/putamen (Champtiaux et al., 2002).  Selective 

cell lesioning results (Charpantier et al., 1998 and Elliott et al., 1998) also motivated 

selection of subunit partners for heterologous expression studies.  Findings from the 

current work are also consistent with subunit changes seen in lesions as well as in 

Parkinson’s disease model studies (Kulak et al., 2002; Quik et al., 2001).  There remains 

the likelihood that there are a number of α6*-nAChR subtypes, and the possibility that 

not all are high affinity binding sites for α conotoxin MII. 

Messenger RNA fluorescence in situ hybridization (mRNA FISH) experiments 

provided new evidence for the natural expression pattern of nAChR α6 subunits in the 

mouse brain.  Until recently, ISH studies showed that α6 subunit mRNA distribution was 

relatively limited to midbrain dopaminergic regions in rodents.  Studies of α-conotoxin 

MII binding, which is thought to be selective (although not exclusively) for α6*-nAChR, 

focused on those brain regions and supported the idea of a restricted localization of 

nAChR α6 subunit expression.  However, the current set of experiments reveals a 

broader distribution pattern for α6 subunit mRNA.  In particular, α6 subunits appear to be 

prominently expressed in the amygdala, cingulate cortex, hippocampus and hippocampal-
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related cortical structures that include entorhinal, perirhinal and piriform cortices.  

Perhaps not surprisingly, these structures are interconnected and could potentially lay out 

a network that may be involved in nicotine dependent behavior.   

Additionally, tandem FISH and immunohistochemical studies reveal coexpression 

of mouse α6 nAChR subunits and TH or GAD.  The colocalization of α6 subunit 

messages and TH is most evident in dopaminergic brain regions, consistent with 

inferences based on prior investigations and underscoring possible importance of α6*-

nAChR in reward.  Outside of VTA, α6 subunit mRNA is coexpressed with GAD, 

suggesting additional roles for α6-nAChR in the control of GABAergic neuronal activity 

and/or GABA release.  However, evidence about whether α6*-nAChR exist 

somatodendritically and/or presynaptically is lacking.   

If there is a special role for α6*-nAChR in nicotine dependence, one might expect 

effects of nicotine exposure on α6*-nAChR expression. There is some conflicting 

evidence that chronic nicotine exposure increases α6* -nAChR levels as characterized by 

radiolabeled α-conotoxin MII binding in the VTA of rats (Parker et al., 2004; Nguyen et 

al., 2003), but induces no change in toxin binding levels in the VTA and nucleus 

accumbens of rats and monkeys (McCallum et al., 2006; Nguyen et al., 2003; Mugnaini 

et al. 2002).  A study in mice reveals a decrease in α-conotoxin MII binding in the 

striatum with chronic nicotine exposure (Lai et al., 2005).  Clearly, more work is needed 

to assess effects of long-term nicotine exposure on α6*-nAChR expression.  Although 

nicotine exposure has been shown repeatedly not to affect expression of nAChR subunit 
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genes, nAChR α6 subunit mRNA FISH studies might play a role in assessing whether 

such effects exist for α6 subunits; even if total mRNA levels are not altered, perhaps 

there are more subtle differences regionally, and perhaps changes in nAChR α6 subunit 

distribution in expressing cells occur.  Transfected cells stably expressing α6*-nAChR of 

different subunit compositions also would be useful in deciphering effects of chronic 

nicotine exposure on numbers and function of what are likely to be a diverse array of 

α6*-nAChR.  

The entire pleasure/reward network includes additional limbic regions such as the 

hippocampus, amygdala and hypothalamus (Bardo, 1998) as well as feedback loops from 

the nucleus accumbens (Rahman and McBride, 2002).  Thus, a complex network of long-

range projections, interneuron activity, and pre- and post-synaptic receptor action 

regulate dopamine release from the VTA. nAChR are located in several areas of the 

extended reward circuitry, where they allow nicotine to exert its addictive effects in 

various ways that may complement or strengthen inputs originating from or converging 

on the VTA.  Several studies implicate nAChR activity in brain regions involved in 

addictive behavior, including the VTA, nucleus accumbens, hippocampus, frontal cortex, 

and amygdala [Barik and Wonnacott, 2005 (hipp); Lai et al., 2005; Zhu et al., 2005 

(amyg); Expression of nicotinic acetylcholine receptors in human and rat adrenal 

medulla. (VTA); Barazangi and Role, 2001 (amyg); Panagis et al., 2000 (amyg)].  

Chronic administration of nicotine, or tobacco smoking behavior is thought to strengthen 

synapses where nAChR are found, whether they are located pre- or postsynaptically 
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(Pidoplichko et al., 2003).   It is not yet clear where α6*-nAChR fit into this scheme.  If 

they are on GABA neurons or terminals, their activation (or desensitization) could inhibit 

(or enhance) dopaminergic neuronal firing, but if they are on dopaminergic terminals, 

their activation (or desensitization) would have opposite effects.   

Although the current studies have aided the understanding of distributions of 

nAChR α6 subunit expression and assembly of ligand binding and functional α6-nAChR, 

further investigation is warranted to elucidate characteristics of α6*-nAChR, especially 

those naturally outside of the heavily investigated, midbrain dopaminergic region, with 

regard to assembly partners, ligand binding affinities and channel properties.  The 

relevance of age, strain, and species differences in expression of α6 subunits, if these 

differences indeed stand up to further scrutiny, also will be of great interest.   
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