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Heterologous expression systems have increased the feasibility of developing selective ligands to target
nicotinic acetylcholine receptor (nAChR) subtypes. However, the a6 subunit, a component in nAChRs that
mediates some of the reinforcing effects of nicotine, is not easily expressed in systems such as the
Xenopus oocyte. Certain aspects of a6-containing receptor pharmacology have been studied by using
chimeric subunits containing the a6 ligand-binding domain. However, these chimeras would not be
sensitive to an a6-selective channel blocker; therefore we developed an a6 chimera (a4/6) that has the
transmembrane and intracellular domains of a6 and the extracellular domain of a4. We examined the
pharmacological properties of a4/6-containing receptors and other important nAChR subtypes, including
a7, a4b2, a4b4, a3b4, a3b2, and a3b2b3, as well as receptors containing a6/3 and a6/4 chimeras. Our data
show that the absence or presence of the b4 subunit is an important factor for sensitivity to the gan-
glionic blocker mecamylamine, and that dihydro-b-erythroidine is most effective on subtypes containing
the a4 subunit extracellular domain. Receptors containing the a6/4 subunit are sensitive to a-conotoxin
PIA, while receptors containing the reciprocal a4/6 chimera are insensitive. In experiments with novel
antagonists of nicotine-evoked dopamine release, the a4/6 chimera indicated that structural rigidity was
a key element of compounds that could result in selectivity for noncompetitive inhibition of a6-
containing receptors. Our data extend the information available on prototypical nAChR antagonists, and
establish the a4/6 chimera as a useful new tool for screening drugs as selective nAChR antagonists.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

There are three major classes of nicotinic acetylcholine re-
ceptors (nAChR) in mammals: muscle-type receptors, heteromeric
neuronal-type receptors, and homomeric neuronal receptors. All
nAChRs are believed to form pentameric complexes. Important
elements of the agonist binding sites are part of the alpha subunits,
but the binding sites are located at the interface between alpha and
non-alpha subunits, and the non-alpha subunits contribute
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importantly to the pharmacological properties of the receptors
(Luetje and Patrick, 1991), including b1 in regard to the relative
insensitivity of muscle-type receptors to ganglionic blockers
(Webster et al., 1999).

Eight alpha subunit genes have been cloned from mammalian
neuronal tissue (a2, a3, a4, a5, a6, a7, a9, and a10), as well as three
non-alpha subunits (b2, b3, and b4). The simplest of the neuronal
nAChR to study in the oocyte expression system is the homomeric
subtype, which in mammalian brain is composed of only a7 sub-
units (Gotti et al., 2006). The heteromeric neuronal-type receptors
form as various combinations of alpha and beta subunits, always
containing at least one type of alpha (either a2, a3, a4, or a6) and at
least one type of beta subunit. In the continued presence of agonist,
heteromeric receptors convert to a desensitized state that binds
nicotine and other agonists with high affinity; these receptors were
first identified in radioligand binding studies with rat brain slices
(Clarke et al., 1985).

Although there are many possible combinations of neuronal
alpha and beta subunits, it has been shown that the majority of the
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high affinity nicotine binding sites in the brain contain combina-
tions of just the a4 and b2 subunits. Co-injections of RNA for these
two subunits into Xenopus oocytes readily result in the expression
of receptors with pharmacological properties consistent with those
of the brain’s high affinity receptors (Nelson et al., 2003). Likewise,
co-expression of a3 and b4 subunits, strongly expressed in the
peripheral nervous system, yields receptors used to model gangli-
onic receptors. All pairwise combinations of a2, a3, or a4 with
either b2 or b4 are easily characterized in the oocyte expression
systems, and those results can be extended to model more complex
subunit combinations through the analysis of the effects of
systematic addition of other subunits (Gerzanich et al., 1998; Papke
et al., 2007).

The first practical targeting of neuronal nicotinic acetylcholine
receptors (nAChR) for a therapeutic indication came with the de-
velopment of ganglionic blockers, such as hexamethonium and
mecamylamine, for the treatment of hypertension (Stone et al.,
1956). While the use of ganglionic blockers for the treatment of
hypertension has been eclipsed by the subsequent development of
more effective antihypertensive agents with better side-effect
profiles, there is a renewed interest in antagonists that may inhibit
nAChRs in brain (Dwoskin et al., 2004; Rose et al., 1994a,b). Of
necessity, for human studies this renewed interest has focused on
the classical, and largely nonselective blocker, mecamylamine,
since it is the only CNS active nAChR antagonist approved for use in
humans. Mecamylamine has been shown to have usefulness as an
adjunct therapy in the treatment of Tourette’s syndrome (Sanberg
et al., 1998) and, in combination with nicotine replacement therapy,
to improve clinical effectiveness in smoking cessation therapy
(Rose et al., 1994b).

As with any course of therapeutic development, the diversity of
receptor subtypes associated with different indications has created
a need for the development of subtype-selective drugs. Un-
fortunately, nAChRs in brain show diversity and subtlety of function
that, arguably, is unsurpassed by any other receptor system in the
CNS. Several subtype-selective agonists and partial agonists are
now in clinical trails for various indications (Olincy et al., 2006;
Potts and Garwood, 2007; Wilens et al., 2006). However, the
development of subtype-selective antagonists has proven to be
a more daunting challenge. One reason for this is that some com-
plex subunit combinations that may exist in vivo are not easily
recreated in artificial expression systems. This is particularly true
for receptor subtypes containing the a6 subunit (Dowell et al.,
2003; Kuryatov et al., 2000). Nonetheless, because a6-containing
receptors are likely involved in nicotine dependence (Azam et al.,
2007; Azam and McIntosh, 2006), they have been proposed to be
a potentially useful target for therapies using nicotinic receptor
antagonists (Dwoskin et al., 2004; Zoli et al., 2002). We have ex-
tended the characterization of the commonly used nAChR antag-
onists mecamylamine and dihydro-b-erythroidine (DHbE), and
herein report a new chimera that may be useful for identifying a6-
selective noncompetitive antagonists. We utilize that chimera to
test a series of bis-quaternary ammonium compounds, identifying
structural rigidity of the analogs as a potentially important feature
for selective inhibition of receptors containing the a6 intracellular
and transmembrane domains.

2. Methods

2.1. Cloning of chimeric subunits

Rat neuronal nAChR a4 and a6 clones were obtained from Dr. Jim Boulter (UCLA,
Los Angeles, CA), and the rat a6/3 chimera has been previously characterized
(Dowell et al., 2003; Papke et al., 2005). All three clones were subcloned into the
pSGEM vector, obtained from Dr. Michael Hollmann (Ruhr University, Bochum,
Germany), which contains Xenopus beta-globin untranslated regions to aid Xenopus
oocyte expression. The a4 subunit was subcloned from pSP64 to pSGEM via HindIII.
The a6 subunit was first mutated to make a silent change; an EcoRI restriction site
which was within the open reading frame was removed in order to use EcoRI for the
subcloning from pBS(SK�) to pSGEM. The a6/3 chimera was digested from pT7TS
with BglII and BstEII to subclone into pSGEM digested with BamHI and BstEII.

The conserved amino acids isoleucine-arginine-arginine, located just before the
first transmembrane domain (Table 3), are suitable for making the silent mutations
to accommodate the BspEI restriction site. This is the same manner in which the a6/
3 chimera was created by Dowell et al. (2003). This restriction site was also in-
troduced in a4 and a6. Mutations were made using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). Sequences were confirmed with auto-
mated fluorescent sequencing at the University of Florida core facility.

The a6/4 chimera was created by digesting a6/3 and a4 with BspEI and SpeI and
ligating the a6 N-terminal portion with the a4 carboxy terminal portion and vector.
The a4/6 chimera was created by digesting a4 and a6 with BspEI and XbaI and li-
gating the a4 N-terminal portion with the a6 carboxy terminal portion and vector.

Only two amino acids differ between a4 and a6 in the putative extracellular loop
(ECL) between the second and third transmembrane domains (Table 3). These were
exchanged using the QuikChange kit sequentially and confirmed with automated
fluorescent sequencing to create a4(a6ECL) and a4/6(a4ECL).

2.2. Preparation of RNA

Additional rat nAChR clones were also obtained from Dr. Jim Boulter (UCLA).
After linearization and purification of cloned cDNAs, RNA transcripts were prepared
in vitro using the appropriate mMessage mMachine kit from Ambion Inc. (Austin,
TX).

2.3. Expression in Xenopus oocytes

Mature (>9 cm) female Xenopus laevis African toads (Nasco, Ft. Atkinson, WI)
were used as the source of oocytes. Prior to surgery, frogs were anesthetized by
placing the animal in a 1.5 g/L solution of MS222 (3-aminobenzoic acid ethyl ester;
Sigma, St. Louis, MO) for 30 min. Oocytes were removed from an abdominal incision.

In order to remove the follicular cell layer, harvested oocytes were treated with
1.25 mg/ml collagenase (Worthington Biochemical Corporation, Freehold, NJ) for 2 h
at room temperature in calcium-free Barth’s solution (88 mM NaCl, 1 mM KCl,
2.38 mM NaHCO3, 0.82 mM MgSO4, 15 mM HEPES (pH 7.6), 12 g/l tetracycline).
Subsequently, stage 5 oocytes were isolated and injected with 50 nl (5–20 ng) each
of the appropriate subunit cRNAs. Recordings were made 2–7 days after injection.
Although the absolute magnitude of the evoked current responses increased over
time, the normalized values of the experimental responses did not vary significantly
over time.

2.4. Chemicals

a-Conotoxin PIA was synthesized as previously reported (Dowell et al., 2003).
The bis-azaaromatic quaternary ammonium compounds were synthesized at the
University of Kentucky utilizing previously reported procedures (Ayers et al., 2002;
Crooks et al., 2004; Zheng et al., 2007). All other chemicals for electrophysiology
were obtained from Sigma Chemical Co. (St. Louis, MO). Fresh acetylcholine (ACh)
stock solutions were made daily in Ringer’s solution and diluted.

2.5. Electrophysiology

Experiments were conducted using OpusXpress 6000A (Molecular Devices,
Union City CA) (Stokes et al., 2004). OpusXpress is an integrated system that pro-
vides automated impalement and voltage clamp of up to eight oocytes in parallel.
Cells were automatically perfused with bath solution, and agonist solutions were
delivered from a 96-well plate. Both the voltage and current electrodes were filled
with 3 M KCl. The agonist solutions were applied via disposable tips, which elimi-
nated any possibility of cross-contamination. Drug applications alternated between
ACh controls and experimental applications. Flow rates were set at 2 ml/min for
experiments with a7 receptors and 4 ml/min for other subtypes. Cells were voltage-
clamped at a holding potential of �60 mV. Data were collected at 50 Hz and filtered
at 20 Hz. Drug applications were 12 s in duration followed by a 181 s washout pe-
riods with a7 receptors and 8 s with 241 s washout periods for other subtypes.

2.6. Experimental protocols and data analysis

Each oocyte received two initial control applications of ACh, an experimental
drug application, and then a follow-up control application of ACh. The control ACh
concentrations were 60 mM for a7, 10 mM for a4b2, a4b4, and a4/6b4 receptors and
100 mM for the other subunit combinations tested. The peak amplitude and the net
charge (Papke and Papke, 2002) of experimental responses were calculated relative
to the preceding ACh control responses in order to normalize the data, compen-
sating for the varying levels of channel expression among the oocytes. After each
experimental measurement cells were rechallenged with ACh at the control con-
centrations. This allowed for the determination of residual inhibitory effects or
rundown. Cells which showed more than a 25% variation between two consecutive
ACh-evoked responses were not used for further experimental treatments. Means
and standard errors (SEM) were calculated from the normalized responses of at least
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four oocytes for each experimental concentration. Unless otherwise noted, data
presented are based on measurements of net charge for a7 receptors and of peak
currents for all other subtypes.

For concentration–response relationships, data were plotted using Kaleidagraph
3.0.2 (Abelbeck Software; Reading, PA), and curves were generated as the best fit of
the average values to the Hill equation:

Response ¼ Imax ½agonist�n

½agonist�nþðEC50Þn

where Imax denotes the maximal response for a particular agonist/subunit combi-
nation, and n represents the Hill coefficient. For the calculation of IC50 values,
negative Hill slopes were applied and Imax was constrained to equal 1. Error esti-
mates of the IC50 values are the standard errors of the parameters based on the
Levenberg–Marquardt algorithm used for the generation of the fits (Press, 1988).
T-tests were used to determine statistical significance between antagonist activity at
specific concentrations between pairs of nAChR subunit combinations.
3. Results

3.1. Evaluation of the subtype selectivity of mecamylamine and
dihydro-b-erythroidine (DHbE)

Mecamylamine is one of the most commonly used neuronal
nAChR antagonists, believed to have some selectivity for ganglionic
(i.e. b4-containing) receptors (Papke et al., 2001b), while DHbE is
a competitive antagonist, reportedly selective for a4-containing
receptors (Chavez-Noriega et al., 1997). We tested these antagonists
on the basic models for ganglionic (a3b4) nAChR, and brain het-
eromeric (a4b2) and homomeric (a7) nAChRs. As shown in Fig. 1,
Fig. 1. Inhibition of responses obtained from oocytes expressing rat neuronal nAChR subuni
traces for a4b2 and a3b4 receptors on the left and on the right the averaged normalized r
application ACh and increasing concentrations of antagonist. Each response to the co-applic
the control application of ACh alone (see Section 2 for control ACh concentrations used).
experiments confirmed that a3b4 was the most sensitive to mec-
amylamine inhibition and a4b2 was the most sensitive to DHbE
inhibition (IC50 values are given in Table 1A).

3.2. Chimeric subunits with the a6 extracellular domain

We adopted and extended the approach introduced by Dowell
et al. (2003) to identify the effects of these classic antagonists on
receptors containing the a6 extracellular domain by utilizing chi-
meric subunits. The first chimera, shown in Fig. 2, is the previously
published a6/3 chimera (Dowell et al., 2003; Papke et al., 2005). To
further confirm that the a6 extracellular domain alone is sufficient
to produce a6-like pharmacology regarding agonists and compet-
itive antagonists, we constructed a second a6 chimera, a6/4, in-
corporating the transmembrane and intracellular domains of the
rat a4 subunit. A human a6/4 chimera has also been described
(Evans et al., 2003; Kuryatov et al., 2000). To provide a novel tool for
evaluating the potential a6 selectivity of noncompetitive antago-
nists, we constructed an a4/6 chimera containing the extracellular
domain of a4 and the transmembrane and intracellular domains
of a6.

We first tested the hypothesis that the differing transmembrane
and intracellular regions of the a6/3 and a6/4 would have relatively
little effect on the concentration–response relationships to ago-
nists. Since some native a6 receptors assemble with both b2 and b3
subunits (Gotti et al., 2006), the a6/3 and a6/4 chimeras were co-
expressed with b2 and b3. The receptors formed had essentially
ts by mecamylamine (upper panel) or DHbE (lower panel). Each panel shows raw data
esponses (�SEM, n� 4) from oocytes expressing a4b2,a3b4, or a7 subunits to the co-
ation of ACh and antagonist was normalized based on the response of the same cell to



Table 1A
IC50 values for DHbE and mecamylamine against various nAChR subunit
combinations

Subunits IC50

DHbE (mM) Mecamylamine (mM)

a7 8� 1 15.6 � 1.4
a4b2 0.10� 0.01 3.6� 0.2
a3b4 26� 2 0.39� 0.10
a3b2 2.0� 0.3 7.6� 1.4
a3b2b3 2.9� 0.3 1.0� 0.1
a6/3b2b3 1.1� 0.1 11� 3
a6/4b4 4.6� 0.5 0.50� 0.40
a4b4 0.19� 0.01 0.33� 0.04
a4/6b4 0.38� 0.03 1.0� 0.1
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identical concentration–response relationships to the agonists ACh
and nicotine (Fig. 3). The ACh EC50 values for both chimeras were
approximately 20 mM while we have previously reported (Papke
et al., 2007) that the ACh EC50 for a3b2b3 receptors is approxi-
mately 90 mM. Our study of mecamylamine and DHbE was then
extended to systematically evaluate the effects of the b3 subunit
and the a6 extracellular domains on the inhibitory effects of these
compounds. Comparison of the responses of a3- and b2-expressing
cells to those additionally expressing b3 indicated that the b3
subunit increased sensitivity to mecamylamine (Fig. 4). However,
cells expressing the a6/3 chimera along with b2 and b3 had lower
sensitivity to mecamylamine than those expressing a3b2b3, sug-
gesting an interaction between the way in which the a6 extracel-
lular domain affected ACh activation and subsequent
use-dependent block by mecamylamine. As shown in Fig. 4, the a6
Fig. 2. Schematic representation of wild-type and chimeric subunits used to study the in
putative transmembrane domains of a6 are identified in the Kyte–Doolittle plot (11/1 gener
bars in the schematics below. All the schematics are at the same scale as the Kyte–Doolitt
drophobicity plots for the transmembrane domains of a6 (black) and a4 (gray) is shown at
extracellular domain also led to a small increase in sensitivity to
DHbE, while b3 expression did not affect the potency of this com-
petitive antagonist.
3.3. A chimeric subunit with the a6 transmembrane and
intracellular domains

The nicotinic noncompetitive antagonist mecamylamine has
been shown to have some utility at increasing success in smoking
cessation (Rose et al., 1994b). The selectivity of mecamylamine for
neuronal nAChR compared to muscle-type nAChR is based on
specific sequence elements in the transmembrane domains
(Webster et al., 1999). However, as our current study shows, mec-
amylamine is most effective at inhibiting ganglionic (a3b4-con-
taining) receptors, and these are not likely to be the best targets for
treating nicotine dependence. The fact that a6 expression is typi-
cally high in dopaminergic neurons associated with reward sug-
gests that antagonists with a selectivity for a6-containing receptors
might be useful drugs for blocking nicotine-mediate reward in the
brain. While the a6/3 chimera has been useful in identifying the
selective competitive inhibition of a6-containing receptors by se-
lect conus toxins (Dowell et al., 2003; McIntosh et al., 2004), conus
toxins are not good drug candidates. Moreover, it is unlikely that
chimeras containing the a6 extracellular domain (i.e. a6/3 and a6/4)
will be at all useful for identifying noncompetitive antagonists with
selectivity for a6, due to the fact that the effectiveness of non-
competitive antagonists is expected to be dependent on sequence
in the transmembrane domains, as was shown for mecamylamine.
Therefore, we created an expressible construct (a6/4) that
fluence of a6 subdomains of the pharmacological properties of neuronal nAChR. The
ated by DNA Strider) at the top of the figure. These domains are identified by the wide
le plot but omit the signal sequences. An expansion and overlay of Kyte–Doolittle hy-

the bottom of the figure.



Fig. 3. Concentration–response curves obtained from oocytes expressing rat neuronal
nAChR a6/3b2b3 or a6/4b2b3 subunits given ACh (upper panel) or nicotine (lower
panel). Each panel shows the averaged data (�SEM, n� 4) normalized to the maxi-
mum ACh responses obtained from the same oocytes.

Fig. 4. Inhibition of responses obtained from oocytes expressing rat neuronal nAChR
subunits by mecamylamine (upper panel) or DHbE (lower panel). Each panel shows
the averaged normalized data (�SEM, n� 4) from oocytes expressing a3b2,a3b2b3, or
a6/3b2b3 subunits to the co-application of ACh and antagonist. Each response to the
co-application of ACh and antagonist was normalized based on the response of the
same cell to the control application of ACh alone (see Section 2 for control ACh con-
centrations used). Significant (p< 0.05) differences in inhibition were found between
receptor subtypes at the concentrations indicated. # Represents significant difference
between a3b2 and a3b2b3 responses, # represents significant difference between
a3b2b3 and a3/6b2b3 responses, and * represents significant difference between a3b2
and a3/6b2b3 responses.

Fig. 5. Concentration–response curves obtained from oocytes expressing rat neuronal
nAChR a4b4 or a4/6b4 subunits given ACh. Shown are the averaged data (�SEM, n� 4)
normalized to the maximum ACh responses obtained from the same oocytes.
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contained the a6 transmembrane and intracellular domains in
combination with the a4 extracellular domain (see Section 2).

3.4. Functional properties of the a4/6 chimera

The a4/6 chimera was co-expressed with various other subunits
to identify a useful beta subunit partner. The a4/6 subunit did not
function readily when co-expressed with b2 and b3 (data not
shown) but did form functional receptors after several days when
co-expressed with b4. Thus, we used a4b4 receptors for compari-
sons to determine the pharmacological effects associated with the
presence of the a6 transmembrane and intracellular domains. Co-
expression of the a4/6 chimera with b4 had the additional advan-
tage that functional receptors formed from this simple pairwise
subunit combination reduced the variables that might arise with
many different possible combinations of three subunits. The re-
sponses of a4b4 and a4/6b4 receptors were measured over a range
of ACh concentrations (Fig. 5). The EC50 for ACh with a4b4 receptors
was 15�1 mM. The responses of a4/6b4 receptors were fit with an
EC50 of 6.3�1.5 mM.

In order to confirm that the receptors containing the a4/6 sub-
unit retain a4-like functionality with competitive antagonists, we



Fig. 6. Inhibition of responses obtained from oocytes expressing rat neuronal a4b4,a6/
4b4, or a4/6b4 nAChR subunits to competitive antagonists. The inhibition of responses
to DHbE is shown in the upper panel. The lower panel illustrates the effects of 100 nM
a-conotoxin PIA on ACh-evoked responses. Initial control responses to 100 mM ACh
were obtained, then cells were incubated for 5 min in 100 nM toxin (plus 0.1 mg/ml
protease-free BSA), and then ACh was applied in the continued presence of the toxin.
Each response to the co-application of ACh and antagonist was normalized based on
the response of the same cell to the control application of ACh alone (see Section 2 for
control ACh concentrations used). Also shown are the ACh-evoked responses obtained
after a 5 min washout of the toxin. Each panel shows the averaged normalized data
(�SEM, n� 4) from oocytes.

Fig. 7. Inhibition of peak current responses obtained from oocytes expressing rat
neuronal a4b4 or a4/6b4 nAChR subunits by mecamylamine (upper panel) or tetra-
caine (lower panel). Each panel shows the averaged normalized responses (�SEM,
n� 4) from oocytes expressing those subunits to the co-application of ACh and an-
tagonist. Each response to the co-application of ACh and antagonist was normalized
based on the response of the same cell to the control application of ACh alone (see
Section 2 for control ACh concentrations used). Significant differences in inhibition
were found at the concentrations indicated (* indicates p< 0.05, ** indicates p< 0.01).
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compared a4b4 receptors to a4/6b4 and a6/4b4 receptors in regard
to their sensitivity to DHbE and the a6-selective a-conotoxin PIA
(Dowell et al., 2003). As shown in Fig. 6, a4/6b4 receptors were
nearly as sensitive as a4b4 receptors to DHbE (IC50 values in
Table 1A), while the a6/4b4 receptors were more than 10-fold less
sensitive. In contrast, when receptors were pre-incubated in
100 nM a-conus PIA toxin and then tested for their ACh responses
in the continued presence of the toxin, both a4/6b4 and a4b4 re-
ceptors were relatively insensitive (Fig. 6), while the a6/4b4 re-
ceptors were effectively blocked in a slowly reversible manner.

Two known nAChR noncompetitive antagonists, mecamylamine
and the local anesthetic tetracaine, were tested on a4b4 and a4/6b4
receptors. As shown in Fig. 7, cells with receptors containing the
transmembrane and intracellular domains of a6 were less sensitive
to mecamylamine than cells expressing wild-type a4b4. Tetracaine
is a relatively unique noncompetitive antagonist, which has been
shown to block both open and closed channels of muscle-type
nAChR (Papke and Oswald, 1989). Cells with receptors containing
the transmembrane and intracellular domains of a6 appeared
somewhat more sensitive to tetracaine than cells expressing wild-
type a4b4 (Fig. 7).

3.5. Evaluation of compounds active at inhibiting nicotine-evoked
dopamine release with the a4/6 chimera

Several classes of bis-azaaromatic quaternary ammonium
compounds have recently been described which can produce po-
tent partial inhibition of nicotine-evoked dopamine release from
striatal slices (Crooks et al., 2004). One of the best characterized
compounds from this large family of compounds is bPiDDB
(Fig. 8A), which has been shown to be active at decreasing dopa-
mine-mediated behaviors including nicotine self-administration in
rats (Neugebauer et al., 2006), and when delivered to the ventral
tegmentum is able to inhibit the release of dopamine in the nucleus
accumbens stimulated by the systemic delivery of nicotine. The
inhibitory activity of bPiDDB has been investigated on numerous
AChR subtypes expressed in Xenopus oocytes (Rahman et al., in
press). In oocyte experiments, bPiDDB was most potent for



Table 1B
IC50 values for DHbE, mecamylamine, tetracaine and novel synthetic quaternary
ammonium analogs against a4b4 and a4/6b4 subunit combinations and the ECL
mutants

Drug a4b4 (mM) a4/6b4 (mM) Range of IC50 ratioa

Tetracaine 5� 1 2.3� 0.2 1.60–2.90
bPiDDB 0.7� 0.1 2.7� 0.5 0.19–0.36
bPiPyB 14.5� 2.8 5.2� 0.6 2.02–3.76
bIQDDB 0.8� 0.1 1.3� 0.3 0.44–0.90
bIQPB 2.1� 0.3 3.7� 0.7 0.41–0.80
bIQPyB 5.4� 0.2 2.3� 0.6 1.79–3.29
bPiBB 6.0� 0.6 2.0� 0.3 2.35–3.88
bPiByB 4.4� 0.3 0.8� 0.2 4.10–7.83

a4(a6ECL)b4 a4/6(a4ECL)b4

bPiByB 3.0� 0.1 1.4� 0.2 1.81–2.58

a Given the estimated IC50 and their associated error estimates, this is the range
for the likely ratios of IC50 values. For example for DHbE, (0.19 � 0.01)/
(0.38þ 0.03)¼ 0.44 represents one bracket for the ratio range while (0.19þ 0.01)/
(0.38� 0.03)¼ 0.57 represents the other.
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inhibiting muscle-type and b4-containing receptors (IC50 values
200–500 nM) and less potent for b2-containing receptors (IC50

values 10–20 mM). The mechanism of bPiDDB inhibition of nAChR
expressed in Xenopus oocytes is apparently noncompetitive since
the inhibition of a4b4 responses evoked by high concentrations of
ACh is roughly comparable to the inhibition of responses evoked by
low concentrations of ACh. In the upper plot of Fig. 8A, 10 mM
bPiDDB produced a 40% reduction in the Imax for ACh and only
a relatively small change in the apparent EC50 values (16�1 mM
and 56�11 mM in the absence and presence of bPiDDB, re-
spectively). Similar results have been obtained with the inhibition
of a4b2 and a6/3b2b3 receptors by bPiDDB (data not shown).

It has previously been reported (Rahman et al., in press) that
there is no significant difference in the IC50 values for the bPiDDB
inhibition of a3b2b3 and a6/3b2b3 receptors (IC50¼ 20� 2.5 and
34�10 mM, respectively). We therefore used the a4/6 chimera to
determine if bPiDDB would selectively inhibit receptors based on
the presence or absence of the a6 transmembrane and intracellular
domains. As shown in Fig. 8A (lower plot), bPiDDB was more potent
(Table 1B) at inhibiting receptors containing the complete a4 sub-
unit than at inhibiting those which contained the a4/6 chimera.

In screens of other bis-azaaromatic quaternary ammonium
compounds at a probe concentration of 1 mM, we identified bPiPyB
(Fig. 8B) as an analog, which produced more inhibition of a4/6b4
receptors than a4b4. This selectivity between a4/6b4 and a4b4
receptors was confirmed with concentration–response studies
(Fig. 8B). Both bPiDDB and bPiPyB contain two 3-picolinium head
groups separated by a linker containing 12 carbons. The most sa-
lient differences between the two compounds are in regard to the
rigidity of the linkers and the likely conformational orientation (i.e.
the intra-molecular distance between the head groups). In the case
Fig. 8. (A) The structure of bPiDDB (N,N0-dodecane-1,12-diyl-bis-3-picolinium di-
bromide), a novel bis-azaaromatic quaternary ammonium compound which functions
as a partial antagonist of nicotine-evoked dopamine release (Crooks et al., 2004), is
shown at the top of the figure. The upper plot is a competition experiment, comparing
responses evoked by ACh or ACh plus 10 mM bPiDDB. The lower plot illustrates the
inhibition of peak current responses obtained from oocytes expressing rat neuronal
a4b4 or a4/6b4 nAChR subunits by bPiDDB. (B) The structure of bPiPyB (1,2-bis-[5-(3-
picolinium)-pent-1-ynyl]-benzene dibromide) is shown at the top of the panel. The
plot illustrates the inhibition of peak current responses obtained from oocytes ex-
pressing rat neuronal a4b4 or a4/6b4 nAChR subunits by bPiPyB. Each panel shows the
averaged normalized responses (�SEM, n� 4) from oocytes expressing those subunits
to the co-application of ACh and antagonist. Each response to the co-application of ACh
and antagonist was normalized based on the response of the same cell to the control
application of ACh alone (see Section 2 for control ACh concentrations used). Signifi-
cant differences in inhibition were found at the concentrations indicated (* indicates
p< 0.05, ** indicates p< 0.01).
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of bPiPyB, the molecule is constrained to an angular or ‘folded’
conformation as a result of the presence of the structurally rigid
1,2-diynylphenyl moiety. In the bPiDDB molecule, the rigid 1,2-
diynylphenyl moiety is absent, and the molecule is conformation-
ally very flexible, due to the presence of the N,N

0
-1,12-dodecanyl

linker; this allows bPiDDB to adopt a more extended or ‘linear’
conformation than the bPiPyB molecule. We investigated the rel-
ative significance of these conformational differences between
bPiDDB and bPiPyB by testing three other related bis-azaaromatic
quaternary ammonium compounds: bIQDDB (Fig. 9A) and bIQPyB
(Fig. 9B), which are homologs of bPiDDB and bPiPyB, respectively,
except that they incorporate isoquinolinium rather than 3-
picolinium head groups into their structure, and bIQPB (Fig. 9C) is
an intermediate structure in which the 1,2-diynylphenyl moiety in
bPiPyB has been replaced with the more conformationally flexible
Fig. 9. (A) The structure of bIQDDB (N,N0-dodecane-1,12-diyl-bis-3-isoquinolinium dibromi
responses obtained from oocytes expressing rat neuronal a4b4 or a4/6b4 nAChR subunit
dibromide) is shown at the right of the panel. The plot illustrates the inhibition of peak cu
subunits by bIQPB. (C) The structure of bIQPyB (1,2-bis-(5-isoquinolinium-pent-1-ynyl)-ben
peak current responses obtained from oocytes expressing rat neuronal a4b4 or a4/6b4 nACh
(�SEM, except where indicated, n� 4) from oocytes expressing those subunits to the co
antagonist was normalized based on the response of the same cell to the control application
in inhibition were found at the concentrations indicated (* indicates p< 0.05, ** indicates p
1,2-diethylphenyl moiety. Thus, bIQPB lacks the triple bonds in the
linker units, which confer significant rigidity to both bPiPyB and
bIQPyB.

As shown in Fig. 9, neither bIQDDB nor bIQPB showed any sig-
nificant difference in their inhibition of a4b4 and a4/6b4 receptors.
However, like bPiPyB, bIQPyB produced significantly more in-
hibition of receptors containing the a4/6 chimera. This observation
suggested that conformational rigidity in the linker unit per se
might be more important for inhibition of nAChRs containing the
a6 transmembrane and intracellular domains than the presence of
a centrally placed 1,2-substituted phenyl moiety in the linker unit.
We therefore tested two additional analogs of bPiDDB, i.e. bPiBB
and bPiByB (Fig. 10), in which the linker incorporated a central 1,4-
diethylphenyl (bPiBB) and 1,4-diynylphenyl (bPiByB) moiety to af-
ford a more linear analog comparable to an extended conformation
de) is shown at the top of the panel. The plot illustrates the inhibition of peak current
s by bIQDDB. (B) The structure of bIQPB (1,2-bis-(5-isoquinolinium-pentyl)-benzene
rrent responses obtained from oocytes expressing rat neuronal a4b4 or a4/6b4 nAChR
zene dibromide) is shown at the right of the panel. The plot illustrates the inhibition of
R subunits by bIQPyB. The data in each panel show the averaged normalized responses
-application of ACh and antagonist. Each response to the co-application of ACh and
of ACh alone (see Section 2 for control ACh concentrations used). Significant differences
< 0.01).
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of the bPiDDB molecule. As shown in Fig. 10, bPiBB showed some
selectivity for the a4/6-containing receptors, and this selectivity
was further improved by the presence of the rigid triple bonds in
bPiByB.

A potentially important subdomain within the a6 portion of the
a4/6 chimera is the putative extracellular loop (ECL) between the
second and third transmembrane domains (Table 3). This region
has been shown to be of crucial importance for the coupling of
agonist binding to channel activation (Bouzat et al., 2004; Lummis
et al., 2005) and may be accessible to noncompetitive antagonists.
There are two amino acids that differ between a4 and a6 in the ECL
(Table 3). At the start of the ECL a4 has an isoleucine where a6 has
a threonine and 12 residues down a4 has an isoleucine where a6
has a valine. To determine whether these differences had signifi-
cance for inhibition by bPiByB, we mutated a4 to have the a6
sequence at these sites (a4(a6ECL)) and the a4/6 chimera to have
the a4 sequence at these sites (a4/6(a4ECL)). These mutations did
appear to reduce the selectivity of bPiByB, but not to reverse it.
4. Discussion

Recent work with transgenic animals (Cordero-Erausquin et al.,
2000) and new pharmacological tools (Nai et al., 2003) have been
informative with respect to the complex nature of the nAChR
subtypes involved in nicotine self-administration, and the a6 sub-
unit is part of this rich mix. This gene is expressed at high levels in
the ventral tegmental area and, compared to a4, a6 has a very re-
stricted pattern of expression in the brain, being associated almost
exclusively with dopaminergic neurons, including those that are
the source of the nicotine reinforcement (Charpantier et al., 1998;
Goldner et al., 1997; Le Novere et al., 1996). Toxins shown to have
some selectivity for a6-containing receptors in heterologous ex-
pression systems, are also effective at blocking a significant fraction
of agonist-evoked dopamine release from synaptosomes (Salminen
et al., 2007, 2004), providing strong support for the hypothesis that
a6* receptors may be an useful target for blocking the dopamine-
mediated aspects of nicotine dependence. The conus toxins with a6
selectivity are competitive antagonists and therefore could be
characterized with chimeras that contain the a6 extracellular do-
main (Dowell et al., 2003; McIntosh et al., 2004). However, since
these molecules are proteins, they clearly are not good drug can-
didates. Alternative nAChR antagonists that do penetrate the brain
when given systemically, such as mecamylamine and 2,2,6,6-tet-
ramethylpiperidin-4-yl heptanoate (TMPH) are noncompetitive
antagonists (Damaj et al., 2005). Not only are these noncompetitive
agents active in the CNS when given systemically, they may dis-
criminate between nAChR subtypes based on single amino acid
differences in the subunit sequences (Papke et al., 2005; Webster
Fig. 10. (A) The structure of bPiBB (1,4-bis-[4-(3-picolinium)-butyl]-benzene di-
bromide) is shown at the top of the panel. The plot illustrates the inhibition of peak
current responses obtained from oocytes expressing rat neuronal a4b4 or a4/6b4
nAChR subunits by bPiBB. (B) The structure of bPiByB (1,4-bis-[4-(3-picolinium)-but-1-
ynyl]-benzene dibromide) is shown at the top of the panel. The upper plot illustrates
the inhibition of peak current responses obtained from oocytes expressing rat neu-
ronal a4b4 or a4/6b4 nAChR subunits by bPiByB (n¼ 4 for the a4b4 data and n¼ 3 for
the a4/6/b4 data). The lower plot shows the inhibition produced by bPiByB of
a4(a6ECL)b4 or a4/6(a4ECL)b4, double mutants which contain in a4 the two residues
from a6 which differ in the extracellular loop between TM2 and TM3 (see Table 3) and
in the a4/6 chimera, the two extracellular loop residues from a4, respectively. The data
in each panel show the averaged normalized responses (�SEM) from oocytes
expressing those subunits to the co-application of ACh and antagonist. Each response
to the co-application of ACh and antagonist was normalized based on the response of
the same cell to the control application of ACh alone (see Section 2 for control ACh
concentrations used). Significant differences in inhibition were found at the concen-
trations indicated (* indicates p< 0.05, ** indicates p< 0.01).



Table 2
TM2 domains

a3 VTLCISVLLSLTVFLLVITE

a4 VTLCISVLLSLTVFLLLITE

a6 VTLCISVLLSLTVFLLVITE

a7 ISLGITVLLSLTVFMLLVAE

b2 MTLCISVLLALTVFLLLISK

b4 MTLCISVLLALTFFLLLISK

b3 LSLSTSVLVSLTVFLLVIEE
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et al., 1999). These observations provide the rationale for seeking
a6-selective noncompetitive antagonists.

Unfortunately, the pharmacological properties of a6-containing
receptors have been difficult to characterize, since this subunit
expresses poorly in heterologous systems and may even act as
a dominant negative factor when expressed in combination with
other subunits (Papke, unpublished observation). One successful
approach for identifying properties of the a6 agonist binding site
has been the chimeric subunit (a6/3), containing the a6 extracel-
lular domain and the transmembrane and intracellular domains of
a3 (Kuryatov et al., 2000). This chimera functions reasonably well
when co-expressed with b2 and b3. A rat a6/3 chimera was used to
confirm that the a-conotoxin PIA, which blocks a significant
Table 3
Sequences of a4 and a6

Signal sequence and extracellular domain
Rat_a4 M

Rat_a6 M

Rat_a4 N

Rat_a6 N

Rat_a4 L

Rat_a6 N

Rat_a4 M

Rat_a6 L

Rat_a4 C

Rat_a6 C

Transmembranea and intracellular domains
Rat_a4
Rat_a6

Rat_a4 V

Rat_a6 V

Rat_a4 M

Rat_a6 M

Rat_a4 N

Rat_a6 —

Rat_a4 P

Rat_a6 —

Rat_a4 S

Rat_a6 —

Rat_a4 V

Rat_a6 V

Rat_a4 W

Rat_a6 L

a Putative transmembrane domains are in bold. The two residues of sequence differe
underlined. These residues were reversed in the ECL mutants (Fig. 10).
fraction of nicotine-evoked dopamine release from synaptosomes
(Azam and McIntosh, 2006), is in fact selective for a6-containing
nAChRs (Dowell et al., 2003).

In this paper, we report two new a6 chimeras based on com-
binations with the rat a4 subunit. We show that the a6/4 chimera is
comparable to the a6/3 chimera in regard to the pharmacology of
agonists and competitive antagonists, while the a4/6 chimera
responds to these agents like the wild-type a4. However, when co-
expressed with b4, the a4/6 chimera shows a pattern of sensitivity
to antagonists different from that of a4b4 receptors, suggesting that
this chimera will provide a useful tool in the further study of new
potential drugs for treating nicotine dependence.

Our work supports and expands upon previous studies of the
established pharmacological tools, mecamylamine, DHbE, and a-
conotoxin PIA. High sensitivity to DHbE is clearly related to the
presence of the extracellular domain of a4. We confirm, with
a larger number of subtypes than previously tested, that meca-
mylamine shows selectivity for b4-containing receptors over b2-
containing receptors. This was true regardless of which alpha
subunit was co-expressed with b4. While the selectivity of meca-
mylamine between ganglionic and muscle-type receptors can be
attributed to specific residues at the 6

0
and 10

0
sites of the second

transmembrane domain (numbering within the second trans-
membrane domain alpha helix (TM2) as per Miller (1989)), it is
ANSGTGAPPPLLLLPLLLLLGTGLLPASSHIETRAHAEERLLKRLFSGYNKWSRPVA 58

LNGWGRGDLRSGLCLWICGFLAFFKGSR—————GCVSEEQLFHTLFAHYNRFIRPVE 53

ISDVVLVRFGLSIAQLIDVDEKNQMMTTNVWVKQEWHDYKLRWDPGDYENVTSIRIPSE 118

VSDPVTVHFELAITQLANVDEVNQIMETNLWLRHVWKDYRLCWDPTEYDGIETLRVPAD 113

IWRPDIVLYNNADGDFAVTHLTKAHLFYDGRVQWTPPAIYKSSCSIDVTFFPFDQQNCT 178

IWKPDIVLYNNAVGDFQVEGKTKALLKYDGVITWTPPAIFKSSCPMDITFFPFDHQNCS 173

KFGSWTYDKAKIDLVSMHSRVDQLDFWESGEWVIVDAVGTYNTRKYE 226

KFGSWTYDKAEIDLLIIGSKVDMNDFWENSEWEIVDASGYKHDIKYN 221

CAEIYPDITYAFI

CEEIYTDITYSFY

IRRLPLFYTINLIIPCLLISCLTVLVFYLPSECG-EKVTLCIS 282

IRRLPMFYTINLIIPCLFISFLTVLVFYLPSDCG-EKVTLCIS 277

LLSLTVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPRTHT 341

LLSLTVFLLVITETIPSTSLVIPLVGEYLLFTMIFVTLSIVVTVFVLNIHYRTPATHT 336

PAWVRRVFLDIVPRLLFMKRPSVVKDNCRRLIESMHKMANAPRFWPEPVGEPGILSDIC 401

PKWVKTMFLQVFPSILMMRRPLD——————KTKEMDGVKDPK—————————————————— 372

QGLSPAPTFCNPTDTAVETQPTCRSPPLEVPDLKTSEVEKASPCPSPGSCPPPKSSSGA 461

—————THTKRPAKVKFTHRKEPKLLKECRHCHKS————SEIAP——GKRLSQQPAQWVTE 420

MLIKARSLSVQHVPSSQEAAEDGIRCRSRSIQYCVSQDGAASLADSKPTSSPTSLKARP 521

————————————————————————————————————————————————————————————

QLPVSDQASPCKCTCKEPSPVSPVTVLKAGGTKAPPQHLPLSPALTRAVEG 573

————————————————————————————————————— NSEHPPDVEDVIDS 434

QYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLWMFIIVCLLGTVGLFLPP 624

QFIAENMKSHNETKEVEDDWKYMAMVVDRVFLWVFIIVCVFGTVGLFLQP 485

LAAC——— 629

LGNTGAS 493

nce between a4 and a6 in the extracellular loop (ECL) between TM2 and TM3 are
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possible that the selectivity observed between b2- and b4-con-
taining receptors may be related to a single site difference at the 13

0

position (Table 2).
Several observations support the validity of using separate

chimeras like a6/3, a6/4 and a4/6 to independently determine
pharmacological properties provided by the ligand-binding and
pore-forming domains. For example, the ACh and nicotine con-
centration–response curves shown in Fig. 3 show essentially no
difference that may be attributed to the a3 or a4 transmembrane
and intracellular domains. Likewise, the competitive antagonists
shown in Fig. 6 effectively discriminate subtypes based on the
presence or absence of the a6 extracellular domain.

We saw significant systematic differences in the activity of the
noncompetitive antagonists tested with a4b4 and a4/6b4
receptors, confirming that this model system is sufficiently sensi-
tive to aid in the development of truly a6-selective antagonists.
Sequence identity between a4 and a6 is nearly 90% in the trans-
membrane domains, but the differences are enough to significantly
impact the hydrophobicity profiles around the mouth of the TM2
and through the extracellular loop that connects TM2 and TM3
(Fig. 2). Even single amino acid differences in these domains can
result in very large differences in the responses to noncompetitive
antagonists (Palma et al., 1998; Papke et al., 2005, 2001a; Webster
et al., 1999).

Mecamylamine and the lidocaine derivative QX-222 are known
to bind directly in the nAChR channel (Papke et al., 2001a; Webster
et al., 1999), and these molecules are not much larger than the head
groups of the bis-azaaromatic quaternary ammonium compounds
in the present study, so it is perhaps a reasonable hypothesis that
these compounds are binding at alternative sites above the mem-
brane’s electric field, as was shown to be the case for the similar
bifunctional compound BTMPS, which contains two sterically hin-
dered amino groups on piperidine rings joined by a 10-carbon al-
iphatic linker (Francis et al., 1998). The degree of conformational
rigidity in the bis-azaaromatic quaternary ammonium molecules
seemed to be a key factor for selective inhibition of receptors
containing a6 transmembrane and intracellular domains. If in fact,
these bifunctional agents bind to multiple sites in the receptor, our
data suggest that the sites might be closer together in a4b4 re-
ceptors than in a4/6b4, requiring greater flexibility in the linker to
effectively allow the putatively active cationic head groups to bind.
Likewise, if the putative binding sites are further apart in a4/6b4
receptors than in a4b4 receptors, then an increase in the rigidity of
the linkers might promote binding if the molecules are constrained
to more fully extended or linear conformations. The observation
that molecules restricted to a fully extended conformation, are fa-
vored for inhibiting a4/6 suggests that the head group separation
distance in the extended conformation might be close to the dis-
tance between the sites on the separate subunits in the receptor. If
this is so, then it is a somewhat confounding observation that ri-
gidity is favored for both the linear and the folded molecules, since
they cannot equally be templates for positioning the head groups to
the same sites. However, if there are three a4/6 subunits per re-
ceptor, then these subunits and their associated binding sites will
be juxtaposed as either adjacent subunits, or as subunits opposite
to each other. It could be the case that if the head groups are
binding to pairs of sites, each in single subunits, compounds with
a folded conformation (bIQPyB and bIQPB) might bind best to sites
in adjacent subunits within the pentamer, while bis-azaaromatic
quaternary ammonium compounds with the extended linear con-
formation (bPiBB and bPiByB) might bind best to sites in subunits
that are opposite to each other. Our results with the ECL mutants
suggest that this portion of the protein may modulate inhibition by
the relatively selective compound bPiByB, but that the sequence
differences in this domain are in themselves insufficient to account
for the selectivity. The ECL domain may partially contribute to
a binding site or alternatively, the ECL differences may affect other
domains of the protein important for the inhibition of function. The
latter possibility seems likely, considering that the ECL is believed
to be a hinge point affecting both the ligand-binding and pore-
forming domains (Bouzat et al., 2004; Lummis et al., 2005).

While one effect of incorporating conformational rigidity into
the structure of the bis-azaaromatic quaternary ammonium com-
pounds will be to better define the relative spatial positions of the
two head groups, alternatively, the linkers themselves may also
contribute to the biological activity of the compounds. TMPH is
a very potent and selective nAChR antagonist, which contains a
simple tetramethylpiperidine (TMP) head group attached to a long
aliphatic chain. Although tetramethylpiperidine itself is a gangli-
onic blocker, the addition of the lipophilic aliphatic chain had the
effect of significantly increasing the potency of TMPH compared to
TMP (Papke et al., 1994).

Unfortunately, high resolution models of the membrane
spanning and intracellular domains of neuronal nAChRs are not
available; thus, future studies may have to rely on traditional site-
directed mutations for further investigation of the significance of
both the single residue differences and functional subdomains of
the receptors. In the meantime, as demonstrated in the current
study, the insertion of the several points of sequence divergence
between a4 and a6 into the a4/6 chimera has made it a useful tool
for the further development of agents, which may selectively in-
hibit a6 receptors, and therefore ultimately prove useful as thera-
peutic agents for treating nicotine dependence.
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