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Abstract
Nicotinic acetylcholine receptors (nAChRs) mediate fast synaptic transmission in ganglia of the autonomic nervous system. Here, we
determined the subunit composition of hetero-pentameric nAChRs in the mouse superior cervical ganglion (SCG), the function of
distinct receptors (obtained by deletions of nAChR subunit genes) and mechanisms at the level of nAChRs that might compensate for
the loss of subunits. As shown by immunoprecipitation and Western blots, wild-type (WT) mice expressed: a3b4 (55%), a3b4a5
(24%) and a3b4b2 (21%) nAChRs. nAChRs in b4 knockout (KO) mice were reduced to < 15% of controls and no longer contained the
a5 subunit. Compound action potentials, recorded from the postganglionic (internal carotid) nerve and induced by preganglionic nerve
stimulation, did not differ between a5b4 KO and WT mice, suggesting that the reduced number of receptors in the KO mice did not
impair transganglionic transmission. Deletions of a5 or b2 did not affect the overall number of receptors and we found no evidence
that the two subunits substitute for each other. In addition, dual KOs allowed us to study the functional properties of distinct a3b4 and
a3b2 receptors that have previously only been investigated in heterologous expression systems. The two receptors strikingly differed
in the decay of macroscopic currents, the efficacy of cytisine, and their responses to the a-conotoxins AuIB and MII. Our data, based
on biochemical and functional experiments and several mouse KO models, clarify and significantly extend previous observations on
the function of nAChRs in heterologous systems and the SCG.

Introduction
In vertebrates, the autonomic nervous system maintains homeostasis
under changing physiological demands (De Biasi, 2002). Within
ganglia, neurons arising in the brainstem and spinal cord form
connections with postganglionic neurons that send their axons to
visceral and vascular targets. Mechanisms of ganglionic transmission
have been extensively studied in the superior cervical ganglion (SCG),
a paravertebral ganglion at the cranial end of the sympathetic chain
(Alkadhi et al., 2005a). As the main mediators of fast synaptic
transmission in ganglia, neuronal nicotinic acetylcholine receptors
(nAChRs) play a key role in ganglionic information processing and
transfer (De Biasi, 2002).
nAChRs occur as homo- or hetero-pentamers (McGehee & Role,
1995; Corringer et al., 2000; Brejc et al., 2001). In the SCG, the
homo-pentameric receptors are made of the a7 subunit, whereas the
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hetero-pentameric receptors contain the subunits a3, a5, b2 and b4
(Mandelzys et al., 1995; McGehee & Role, 1995; Wang et al., 2002b;
Mao et al., 2006; Putz et al., 2008), which might assemble into a
variety of receptors of distinct functional properties (McGehee &
Role, 1995).
Unfortunately, a great deal of work so far has been done in
heterologous expression systems. The disadvantages of such systems
include: the effect they might have on the properties of receptors
(Lewis et al., 1997), which has led to conﬂicting observations and
also complicates conclusions concerning the nature of native
receptors; the absence of chaperones (Millar, 2008); the relative
(and sometimes arbitrary) amounts of mRNA used for transfection
(Zwart & Vijverberg, 1998); lowered temperature as required
when working with Xenopus oocytes (Nelson et al., 2003); diversities of N-glycosylation (Sivilotti et al., 1997); and second
messengers that may also be involved in the assembling process
(Pollock et al., 2009). Cell-speciﬁc mechanisms of nAChR expression have recently been summarized in a topical review (Albuquerque et al., 2009).
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The subunit composition and functional properties of nAChRs in
dopaminergic neurons have previously been investigated by combining immunoprecipitation, patch clamp, [3H]-dopamine release and
mouse knock-out (KO) models (Champtiaux et al., 2003). However,
due to the presence of the subunits a4, a5, a6, b2, b3 and b4, nAChRs
in dopaminergic neurons show considerable complexity and occur at
mixed populations both at somata and at dopaminergic projections
(Champtiaux et al., 2003). By taking a similar approach we
established the types of hetero-pentameric nAChRs occurring naturally in the wild-type (WT) mouse SCG. Using appropriate KO
models we were able to investigate SCG neurons expressing either
simple a3b4 or a3b2 receptors, or neurons containing a3b4b2 or
a3b4a5, in addition to a3b4 nAChRs. We analysed the functional
properties of these receptors, whether a missing subunit would be
compensated for at the receptor level and what effect this might have
on transganglionic transmission in the SCG.

potentials were averaged for a comparison of the three different
genotypes: WT, a5b4 KO and a5b2 KO.

Cell culture of SCG neurons
SCGs were dissected from 5- to 6-day-old (P5–P6) mouse pups
killed by decapitation. The use of enzymes, the trituration protocol
and the culture conditions were similar to published procedures
(Fischer et al., 2005), except that 10% fetal calf serum (Sigma
F7524) was added to the culture medium for trituration. We seeded
10 000 cells into 8-mm glass rings in order to conﬁne the cells to
the center of 35-mm tissue culture dishes (Nunc, Roskilde,
Denmark). Cells were routinely cultured at 5% CO2 and 36.5C
for 3–5 days before use. Unless otherwise stated, cells from a5b4
KO mice were kept in the presence of 100 lm nicotine, added to
cultures after 1 day in vitro and removed at least 2 h before the
recordings.

Methods
Animals and acute preparation of ganglia
Experiments were performed on WT C57Bl ⁄ 6 mice, and on mice
with deletions of the nAChR subunit genes a7 (Orr-Urtreger et al.,
1997), a5 (Wang et al., 2002a), b2 (Picciotto et al., 1995), b4
(Kedmi et al., 2004) and a5b4 (Kedmi et al., 2004). b2 KO mice
were generously provided by J.-P. Changeux (Pasteur Institute, Paris,
France). a7 KO mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA). Double KO mice lacking both a5 and b2
were generated by crossing the two single KO lines. a5a7b2-triple
KO mice were obtained by crossing a5b2-double with a7-single KO
animals. Mice used in this study were backcrossed onto C57Bl ⁄ 6
background for six (b4 and a5b4), seven (a5, a7) or 12 (b2)
generations after germline transmission. All animals were kept in
thermally stable rooms (21C) on a 10 ⁄ 14-h light–dark schedule in
group cages with food and water freely accessible. Animal care and
experiments were in accordance with the European Communities
Council directive (86 ⁄ 609 ⁄ EEC) and the Austrian federal law
governing animal experimentation (Tierversuchsgesetz TVG
501 ⁄ 1989).
Mice generally 18 days old (P18, range 17–19 days) were deeply
anesthetized with CO2 and killed by decapitation. SCG were collected
in Ca2+-free Tyrode’s solution: 150 mm NaCl, 4 mm KCl, 2.0 mm
MgCl2, 10 mm glucose and 10 mm HEPES (pH 7.4). After removal of
the Tyrode’s solution, ganglia were ﬂash-frozen with liquid nitrogen
and stored at )80C for later use.

Transganglionic transmission
Adult mice of either sex at the age of 4-6 weeks were put under deep
CO2 anesthesia and decapitated while the heart was still beating. The
two SCGs with their pre- and postsynaptic nerves attached were
removed and kept in oxygenated Locke’s solution for the entire
experiment. The composition of the Locke’s solution was (mm): NaCl
136, KCl 5.6, CaCl2 2.2, MgCl2 1.2, NaH2PO4 1.2, NaHCO3 20 and
dextrose 8, continuously bubbled with 95% O2 and 5% CO2 (pH 7.2–
7.4). Preganglionic nerves were supramaximally stimulated with a
suction electrode connected to an ISO-Flex stimulus isolator ⁄ Master
8 pulse generator (A.M.P.I., Jerusalem, Israel) at 0.5 Hz with a pulse
width of 50 ls. Compound action potentials of the postganglionic
(internal carotid) nerve were measured at room temperature with a
suction electrode and a differential ampliﬁer (Meta Metrics Corp.,
Carlisle, MA, USA). The amplitudes of 20 compound action

Membrane preparation
We homogenized tissue (cerebellum, SCG or HEK cells) in ice-cold
homogenization buffer [10 mm HEPES, 1 mm EDTA, 300 mm
sucrose, pH 7.5, supplemented with one complete mini protease
inhibitor cocktail tablet (Roche) per 10 mL buffer]. Exactly three
pulses of 5-s duration with the power level set to 30% were
delivered by an ultrasonic homogenizer (Bandelin Sonopuls
UW2200). We took great care to avoid excessive foam formation
by precise positioning of the MS73 sonotrode tip. Following
centrifugation of the homogenate for 30 min at 4C and 50 000 g,
the pellet was re-suspended in homogenization buffer without
sucrose, incubated on ice for 30 min and centrifuged again for
30 min at 50 000 g. Membrane preparations were always used the
same day.

[3H]-epibatidine membrane binding
Membranes prepared as described above were homogenized in
50 mm Tris-HCl (pH 7.4). Membranes of 2–4 SCG (equivalent to
10)20 lg membrane protein) per reaction tube were incubated with
[3H]-epibatidine ([5,6.bicycloheptyl-3H](±)epibatidine, NEN-PerkinElmer) in a ﬁnal volume of 200 lL for 2 h at room temperature.
Non-speciﬁc binding was determined by the presence of 300 lm
nicotine and was subtracted from total binding in order to obtain
speciﬁc binding. Receptors were separated from free ligand by
vacuum ﬁltration over GF ⁄ B glass-microﬁber ﬁlters (Whatman,
Schleicher & Schuell) that were pre-wet with 0.5% polyethyleneimine (Sigma P3143). Filters were submerged in scintillation cocktail,
and their radioactive contents were determined by liquid scintillation
counting.

Generation and purification of antibodies
All antibodies were targeted against the cytoplasmic loop region of
mouse nAChR subunits: anti-a3 against amino acids 354–467; anti-a4
against amino acids 365–446; anti-a5 against amino acids 333–389;
anti-b2 against amino acids 353–422; and anti-b4 against amino acids
350–426. Rabbits were immunized with a maltose binding fusion
protein linked to the corresponding loop peptide. The antibodies were
puriﬁed by using the corresponding glutathione S-transferase fusion
protein coupled to Afﬁ-Gel 10 (Bio-Rad).
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Immunoprecipitation of [3H]-epibatidine-labeled receptors
Receptors were solubilized by re-suspending membrane preparations
(described above) in 2% Triton X-100 lysis buffer: 50 mm Tris-HCl
(pH 7.5), 150 mm NaCl, 2% Triton X-100, supplemented with one
complete mini protease inhibitor cocktail tablet (Roche) per 10 mL
buffer. Following two ultrasound pulses of 5-s duration at 30% energy
level, samples were left for 2 h at 4C and thereafter centrifuged at
16 000 g for 15 min at 4C. Then, 150 lL clear supernatant
containing the membranes of three SCG (WT, a5 KO, b2 KO, a5b2
KO) or ten SCG (b4 KO, a5b4 KO), respectively, were incubated with
20 lL 10 nm [3H]-epibatidine and 7 lg antibody in 10–15 lL
phosphate-buffered saline (PBS: 10 mm Na2HPO4, 1.8 mm KH2PO4,
2.7 mm KCl, 140 mm NaCl, pH 7.4) on a shaking platform at 4C
overnight. On average, we obtained 1–1.5 lg solubilized protein from
our ganglia. Unspeciﬁc binding was determined by adding 300 lm
nicotine to half of the samples.
Heat-killed, formalin-ﬁxed Staphylococcus aureus cells carrying
protein A (Standardized Pansorbin-cells, Calbiochem) were centrifuged at 2300 g for 5 min at 4C. The pellets were washed twice with
IP-High [50 mm Tris–HCl (pH 8.3), 600 mm NaCl, 1 mm EDTA,
0.5% Triton X-100], once in IP-Low [50 mm Tris–HCl (pH 8.0),
150 mm NaCl, 1 mm EDTA, 0.2% Triton X-100] and re-suspended
with IP-Low. Then, 20 lL of this suspension of Pansorbin cells was
added to the above-mentioned cocktail containing the antibody,
solubilized receptors and [3H]-epibatidine for 2 h at 4C on a shaking
platform. Samples were centrifuged at 2300 g for 5 min at 4C and
washed twice with IP-High and once with IP-Low at 2300 g for 1 min
at 4C. Pellets were re-suspended in 200 lL 1 N NaOH and subjected
to liquid scintillation counting.

Quantification of protein contents in membrane preparations
and lysates
All protein quantiﬁcations were performed using the Micro BCA
Protein Assay Reagent Kit (Pierce, Rockford, IL, USA) following the
manufacturer’s instructions.

Immunoprecipitation of receptors followed by Western blot
For each sample of lysed receptors, 20 lL M-20 sheep anti-rabbit
immunoglobulin G Dynabeads (Invitrogen) were washed three times
and re-suspended in 150 lL 2% Triton X-100 lysis buffer. Triton
X-100 lysates of SCG membranes were prepared as described
above for radioligand immunoprecipitation. Lysates of 15 SCG
(corresponding to 15–20 lg lysate protein) were incubated with
150 lL pre-washed Dynabeads and 7 lg antibody on a shaking
platform at 4C overnight. Dynabeads were pelleted using a magnet
supplied by the manufacturer, washed three times in 500 lL PBS,
re-suspended in 20 lL SDS-PAGE sample buffer and heated to 65C
for 15 min.

SDS-PAGE, Western blot and chemoluminescence detection
Twenty micoliters of tissue lysates was diluted in reducing sample
buffer to a ﬁnal concentration of 62.5 mm Tris ⁄ HCl (pH 6.8), 5%
a-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), 10% glycerol
and 0.01% PyroninY. These samples, or the 20-lL samples released
from Dynabeads described above, were denatured for 15 min at 65C
and separated on 10% SDS gels using a Tris-glycine buffer system
(25 mm Tris, 192 mm glycine, 0.1% SDS). The size of proteins was

determined by mixing 0.3 lL MagicMark XP Western Protein
Standard (Invitrogen) with 10 lL SeeBlue Plus2 Pre-Stained Standard
(Invitrogen). Proteins were tank-blotted onto pre-wetted polyvinylidene ﬂuoride membranes (Immobilon-P PVDF-Membrane, Millipore
IPVH00010). After blocking with blocking buffer (5% non-fat dry
milk powder in PBS, 0.1% Tween 20) overnight at 4C, the
membranes were incubated with 1 lg ⁄ mL primary antibody in
blocking buffer for 2 h at room temperature.
Membranes were then washed extensively with washing buffer
(1.5% non-fat dry milk powder in PBS including 0.1% Tween 20) and
incubated for 1 h at room temperature with peroxidase-conjugated
mouse anti-rabbit light chain-speciﬁc secondary antibody (Jackson
ImmunoResearch Laboratories), diluted 1 : 10 000 in washing buffer.
Following another extensive washing step, membranes were submerged in Immobilon Western Chemiluminescent HRP substrate
(Millipore WBKLS0500) for 5 min and sealed in foil. Signals were
documented with a Fluor-S Max Multi-Imager (BioRad).

Patch clamp recordings
We used standard techniques for perforated patch clamp recordings as
previously described (Fischer et al., 2005). The internal (pipette)
solution consisted of 75 mm K2SO4, 55 mm KCl, 8.0 mm MgCl2 and
10 mm HEPES, adjusted to pH 7.3 with KOH. Access to cells was
achieved by including 200 lg ⁄ mL amphotericin B (Rae et al., 1991).
Cells were voltage-clamped at )70 mV. For recording and signal
processing we used an Axopatch 200B patch clamp ampliﬁer, a
Digidata 1320A data acquisition system and pCLAMP 10 software
(all from Molecular Devices).

Application of substances
Substances were dissolved in external (bathing) solution consisting
of: 120 mm NaCl, 3.0 mm KCl, 2.0 mm CaCl2, 2.0 mm MgCl2,
20 mm glucose, 10 mm HEPES and 0.5 lm tetrodotoxin (TTX,
Latoxan), adjusted to pH 7.3 with NaOH. Bovine serum albumin at
0.1 mg ⁄ mL was added to solutions when probing the effects of the
a-conotoxins AuIB and MII. In order to block muscarinic responses,
ACh was always combined with 0.1 lm atropine. The substances
were applied by means of a DAD-12 solenoid-controlled superfusion
system (ALA Scientiﬁc Instruments) with a tip diameter of 100 lm
and reservoirs set to a pressure of 250 mmHg. With the tip of the
superfusion placed 120 lm above our cells we reach 75% of the ﬁnal
concentration of solutions within 35 ms. This is considerably slower
than the rapid application system used by others (full concentration
reached within 5 ms) to record the currents carried by the fast
desensitizing splice variant a7-1 of the a7 nAChR (Zhang et al.,
1994; Severance et al., 2004). By comparing their rapid application
with a conventional but slower puffer pipette, these authors concluded
that the high speed of the superfusion is a prerequisite for the
detection of currents in response to a7-1 activation in chick ciliary
ganglion neurons (Zhang et al., 1994). Upon probing our DAD-12
superfusion set-up on freshly dissociated embryonic day 14 (E14)
chick ciliary ganglion neurons we recorded rapidly decaying a7-1
currents (see Supporting information, Fig. S2), but of a lesser
amplitude than has been reported (Zhang et al., 1994). Although
response kinetics of a7-1 receptors are most affected, the limited
speed of our superfusion system will also just partly disclose the
quality of a3b2 receptor activation. Relatively slowly desensitizing
receptors such as a3b4 will be least affected.
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Reagents
General chemical reagents were from Merck-VWR-Jencons.
Substances not particularly mentioned were from Sigma-Aldrich.
PNU-120596 (# 2498) and cytisine (# 1390) were from Tocris.
Data analysis
Unless indicated otherwise, all data are presented as means ± SEM.
Statistical analyses and curve ﬁtting were done with GraphPad
Prism version 4.0 (GraphPad Software). Data points for the binding
of [3H]-epibatidine were ﬁtted to a hyperbolic curve based on a onesite model. Concentration–response measurements of drug effects
were ﬁtted to sigmoidal curves using the logistic equation:
EðxÞ ¼ Emax  x p =ðx p þ EC50 Þ
where E(x) is the response to a certain drug concentration, x is the
arithmetic dose, Emax is the maximal response, EC50 is the dose that
gives half-maximal response and p is a slope factor, which is
numerically identical to the Hill coefﬁcient. Agonist low-concentration potency ratios were calculated as previously described (Fischer
et al., 2005), except that we now use the curve ﬁtting routine of
GraphPad Prism with the constraints of a shared slope and with
maximal responses ﬁxed to values deduced from parallel experiments.
Student’s t-test, one-way analysis of variance (anova), or nonparametric Mann–Whitney or Wilcoxon tests were performed when
appropriate. The decay of currents in the presence of an agonist was
ﬁtted to two standard exponentials curves using the Chebyshev
algorithm included in the Clampfit software (Molecular Devices).

Results
Membrane binding of [3H]-epibatidine to nicotinic receptors
is significantly reduced in the SCG of b4 KO mice
We ﬁrst determined the kinetics of [3H]-epibatidine binding to SCG
membrane homogenates of 17- to 19-day-old (mostly P18) WT
mice. Binding was saturable with a dissociation constant (KD) of
150.7 ± 25.6 pm and a maximum binding capacity (Bmax)
345.8 ± 25.6 fmol ⁄ mg protein (Fig. 1A; n = 4 different experiments).
Binding was maximal at 1 nm epibatidine, the concentration used
thereafter for all further assessments of the total number of heterooligomeric nAChR binding sites. Epibatidine binds with high afﬁnity in
the picomolar range to hetero-oligomeric nAChRs (Houghtling et al.,
1995), and with much lower afﬁnity (greatly in excess to 1 nm) to a7
homo-oligomeric nAChRs (Sharples et al., 2000). In keeping with
these reports we did not ﬁnd signiﬁcantly reduced [3H]-epibatidine
binding when using SCG membranes from a5a7b2 KO mice (Fig. 1B).
Figure 1B compares the speciﬁc [3H]-epibatidine binding in
membrane homogenates prepared from SCGs of WT and six different
KO mouse lines. Note that the number of receptors was signiﬁcantly
reduced not only in a5b4-double, but also in b4-single KO mice (to 8
and 13% of control, respectively, Fig. 1B). None of the other
genotypes, including the a5a7b2-triple KO, showed a reduced number
of [3H]-epibatidine binding sites (genotypes compared by one-way
anova, F = 35.46, P < 0.0001, followed by Dunnett’s post-hoc
multiple comparison test referenced to wild-type, **P < 0.01 for
b4-single and a5b4-double KO, all other P > 0.05).

Antibodies for immunoprecipitation assays
Subunit-speciﬁc antibodies are essential prerequisites for the analysis
of the subunit composition of nAChR subtypes. We thus generated

Fig. 1. [3H]-epibatidine binding sites are signiﬁcantly reduced in a5b4-double
and b4-single KO mice. (A) Kinetics of [3H]-epibatidine binding to membrane
homogenates from WT mouse SCG. Data points are means of speciﬁc
binding ± SEM of duplicate measurements. Non-speciﬁc binding determined
by the presence of 300 lm nicotine was subtracted from overall to obtain
speciﬁc binding. Parameters of the curve ﬁtted to the data points were
112.6 ± 9.1 pm (KD) and 371.2 ± 13.5 fmol ⁄ mg protein (Bmax). Inset: Scatchard plot of data [abscissa: bound [3H]-epibatidine (fmol ⁄ mg); ordinate:
bound ⁄ free [3H]-epibatidine (fmol ⁄ mg protein) ⁄ pM)]. Averaged kinetic
parameters ± SEM from four such experiments were 150.7 ± 25.6 pm (KD)
and 345.8 ± 25.6 fmol ⁄ mg protein (Bmax). (B) Speciﬁc binding of 1 nm [3H]epibatidine to SCG membrane homogenates taken from WT mice and from
mice with distinct deletions of indicated nAChR subunit genes. Data are
means ± SEM of 3–10 independent experiments, each performed with triplicate
measurements. Compared with WT SCG, [3H]-epibatidine binding was
signiﬁcantly reduced only in a5b4-double and b4-single KO animals (oneway anova, F = 35.46, P < 0.0001, followed by Dunnett’s post-hoc test,
**P < 0.01). [3H]-epibatidine binding sites did not differ signiﬁcantly between
a5b4-double (7.8% of WT) and b4-single KO animals (13.2% of WT, Student’s
t-test).

antibodies directed against the subunits a3, a4, a5, b2 and b4. With
the exception of anti-a3, all antibodies were tested not only on native
receptors of WT mice (positive controls) but also on neuronal
materials of appropriate KO animals (negative controls). Such
rigorous controls are essential to exclude false-positive results (Gotti
et al., 2006; Moser et al., 2007). A detailed characterization of these
antibodies is provided in the supporting Fig. S1. Note that our
antibodies are not only highly speciﬁc but also immunoprecipitate
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with excellent efﬁcacy, as shown by comparison with polyethyleneglycol precipitation (supporting Fig. S1). Polyethyleneglycol
precipitates all proteins in solution and thus serves as a reference for
100% of precipitated, radioligand-labeled receptors.
Each neuronal-type hetero-oligomeric receptor must contain either
b2 and ⁄ or a b4 (Champtiaux & Changeux, 2004). We judged the
overall number of [3H]-epibatidine binding sites by immunoprecipitation with anti-b2 and anti-b4 antibodies used in conjunction, and
deduced the relative occurrence of receptors made of the subunits a3,
a4, a5, b2 and b4 by precipitations with appropriate subunit-speciﬁc
antibodies in isolation. However, the use of either anti-b4 or anti-b2 in
b2 and b4 KO animals, respectively, will sufﬁce to immunoprecipitate
all hetero-oligomeric receptors in the SCG of these mice. Anti-a3
antibodies consistently immunoprecipitated the same number of
receptors as either anti-b4, anti-b2 (in their complementary KO) or
the combined use of the two antibodies (Fig. 2), indicating that all
receptors in the SCG of P18 mice contain a3. It is worth noting that
a4-containing receptors are absent in the SCG not only of P18 mice
(Fig. 2A–D) but also of adult rats (Mao et al., 2006).

Further evidence that a5 does not co-assemble with b2
Western blots provided further evidence that a5 does not co-assemble
into the same receptor with b2. Hence, immunoprecipitation with antia3, but not with anti-a5, resulted in a band of approximately 52 kDa

Receptors containing the accessory subunits a5 and b2
As shown in Fig. 2A, 100% of receptors in the SCG of WT animals
contain the subunits a3 and b4. Anti-a5 as well as anti-b2 antibodies
precipitated approximately 20% of all receptors. These observations
allow, in principle, for four types of receptors: a3b4, a3b4a5, a3b4b2
and a3b4a5b2. To investigate whether all these combinations are
present in the mouse SCG we immunoprecipitated receptors using the
anti-a5 and anti-b2 antibodies alone and in combination (Fig. 3C).
The algebraic sum (429 ± 93 fmol ⁄ mg protein) did not differ
signiﬁcantly from results when the two antibodies were used together
(402 ± 98 fmol ⁄ mg protein; P > 0.05; one-way anova, followed by
Dunnett’s post-hoc multiple comparison test referenced to the
combined use of both antibodies). In contrast, each antibody alone
(anti-a5: 250 ± 79 fmol [3H]-epibatidine per mg protein; anti-b2:
179 ± 15 fmol ⁄ mg protein) precipitated signiﬁcantly less [3H]-epibatidine receptor binding sites than the combination of both antibodies
(**P < 0.01; one-way anova, followed by Dunnett’s post-hoc
multiple comparison test referenced to the combined use of both
antibodies). These data suggest that a5 and b2 are not co-expressed in
the same receptor, and that only three types of receptors are present in
the SCG of P18 WT mice: a3b4 (55%), a3b4a5 (24%) and a3b4b2
(21%, Fig. 2A).

Fig. 2. Subunit composition of nAChRs in the wild-type mouse SCG, and
absence of compensation in the SCG of mice with deletions of a single nAChR
subunit gene. nAChRs from SCG membranes of wild-type mice (A) or mice
with deletions of the a5 (B), the b2 (C) or the b4 subunits (D) were solubilized,
labeled with 1 nm [3H]-epibatidine and immunoprecipitated with each of the
subunit-speciﬁc antibodies indicated at the abscissa. Non-speciﬁc binding was
measured in the presence of 300 lm nicotine and subtracted from overall to
obtain the speciﬁc binding shown. Data are means ± SEM of 4–8 independent
experiments, each performed in triplicate (A, B and C) or duplicate (D). Note in
A and B that anti-a3 and anti-b4 antibodies precipitate an identical number of
receptors, and that the combined use of anti-b4 and anti-b2 antibodies does not
precipitate more receptors than the single use of anti-b4 antibodies. Levels of
a4 are not signiﬁcantly different from zero (P = 0.052 in A and P = 0.189 in B,
one-sample Student’s t-test). Anti-a5 and anti-b2 antibodies precipitated 24 and
21%, respectively, of the receptors that were precipitated by the combined use
of anti-b4 and anti-b2 measurements. n.s.: not signiﬁcantly different from zero
(P > 0.05, one-sample Student’s t-test). n.d.: not determined.
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Fig. 3. Subunit composition of nAChRs in the mouse SCG. (A) The a5 subunit co-assembles with b4 only and is not up-regulated in the SCG of b2 KO mice.
nAChRs from SCG membranes of WT, b2 and b4 KO mice (indicated at the abscissa) were solubilized, labeled with 1 nm [3H]-epibatidine, and immunoprecipitated
with our anti-a5 antibody. Data are the mean speciﬁc binding ± SEM of 3–8 independent experiments, each performed in triplicate. Note that levels of the a5 subunit
do not signiﬁcantly differ between WT and b2 KO animals. In contrast, a5 is lost in the SCG of b4 KO mice (not signiﬁcantly different from zero, P > 0.05, one
sample Student’s t-test). All columns were compared using one-way anova, F = 10.38, P = 0.0008, followed by a Dunnett’s post-hoc multiple comparison test: WT
vs. b2 KO: P > 0.05; WT vs. b4 KO: **P < 0.01. (B) The b2 subunit does not compensate for the absence of either a5 or b4. nAChRs solubilized and labeled as
described above were immunoprecipitated with our anti-b2 antibody. Data are the mean speciﬁc binding ± SEM of 4–6 independent experiments, each performed in
triplicate. Note that b2 levels do not differ signiﬁcantly between the three genotypes indicated at the abscissa (one-way anova, F = 0.227, P = 0.800). (C) The
subunits a5 and b2 do not co-assemble in the same receptor. nAChRs solubilized and labeled as described above were immunoprecipitated in parallel with anti-a5
(white bars), anti-b2 (black bars) or a combination of both antibodies (gray bar). Data are the mean speciﬁc binding ± SEM of ﬁve independent experiments, each
performed in triplicate. The number of receptors immunoprecipitated by each of the single antibodies differed signiﬁcantly from the number of receptors precipitated
by a combination of the two antibodies (**P < 0.01). The arithmetic sum of the two individual precipitations is not signiﬁcantly different from the result obtained by
combined immunoprecipitation with both antibodies (repeated-measures one-way anova F = 14.72, P = 0.0003, followed by a Dunnett’s multiple comparison test
with data referenced to the result obtained by the combined immunoprecipitation with both antibodies). (D) The a5 subunit does not co-assemble with b2. The left
part of the ﬁgure illustrates the speciﬁcity of our anti-b2 antibody for Western blot analyses. Note bands of approximately 52 kDa in brain and SCG samples from
WT and b4 KO animals, and the absence of such bands in b2 KO mice. As shown on the right part of the ﬁgure, the band can also be detected in Western blots of
receptors immunoprecipitated with anti-a3, but not with anti-a5 antibodies. The cerebellum is added as a further positive control. E. The a5 subunit co-assembles
with b4. The left part of the ﬁgure shows the speciﬁcity of our anti-b4 antibody for Western blot analyses. Note a major band of approximately 56 kDa in SCG
samples from WT and b2 KO mice and the absence of such a band in b4 KO animals. The anti-b4 antibody detects a solid band in Western blots of receptors
immunoprecipitated with anti-a3, and a much weaker band if receptors were immunoprecipitated with anti-a5 antibodies (right part of the ﬁgure).

when probed with our anti-b2 antibody (Fig. 3D). Importantly, the
anti-b2 antibody showed no signal in Western blots from whole-brain
or SCG extracts of b2 KO animals (Fig. 3D). In contrast, our anti-b4
antibody detected a band of approximately 56 kDa when solubilized
receptors were immunoprecipitated with either anti-a3 or anti-a5
antibodies (Fig. 3E). These observations provide good evidence that
a5 co-assembles with the b4 but not with the b2 subunit in the SCG of
WT animals. Furthermore, a5 could not be forced into co-assembling
with b2 in our b4-single KO mouse model (Figs 2D and 3A). Hence,
only a single type of a3b2 hetero-oligomeric receptors was found in

the SCG not only in a5b4-double (supporting Fig. S1), but also in
b4-single KO mice (Fig. 2D).
The subunits a5 and b2 are tightly regulated in the SCG
Deletion of the a5 subunit did not affect the number of b2-containing
receptors (Fig. 3B), indicating that b2 subunits otherwise unused do
not take the place of a5 (in this case the proportion of b2-containing
receptors should rise from about 20 to 40%). In fact, the number of
b2-containing receptors remained stable even when the b4 subunit
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Fig. 4. Probing a7 nAChRs. (A) Patch clamp measurements of SCG neurons from a5b4 KO animals. (A1, upper panel) Unveiling of a7-mediated currents by the
type II-positive allosteric modulator PNU-120596, and rapid reversal of the effect by methyllycaconitine (MLA). The ﬁgure shows a particularly large effect of PNU120596. Three superimposed current traces in response to 10 mm choline (Ch, indicated by bar); 10 mm choline in the presence of – and following a 10-s
superfusion with – 10 lm PNU-120596 (arrow); pretreatment with 5 nm MLA for 2 min, followed by 10 mm choline plus 10 lm PNU-120596 (arrowhead). Note
that choline by itself has a negligible effect. Calibration: 4 s, 1 nA. (A1, lower panel) Same cell, with currents induced by 300 lm ACh (in the presence of 0.1 lm
atropine, bar). 10 lm PNU-120596 (arrow) has no effect on initial peak current but gives rise to a large second peak of delayed onset (arrow). Arrowhead denotes
current following pretreatment with MLA. Calibration: 4 s, 1 nA. (A2) See panel B2 for a labeling of bars. Choline-induced currents in the presence of 10 lm PNU120596 (Ch + PNU) are signiﬁcantly larger than in the absence of PNU (Ch) or after 2 min pretreatment with 5 nm MLA (Ch + PNU + MLA). Paired observations
of 18 neurons (***P = 0.0002, Wilcoxon test). Peak currents in response to 300 lm ACh are reduced (*P = 0.0315, paired Student’s t-test, n = 13 neurons) in the
presence of 10 lm PNU-120596 (300 ACh + PNU). Peak currents in response to 500 lm ACh are unaffected by 2 min pretreatment with 5 nm MLA
(500 ACh + MLA) (n = 22 neurons, P = 0.6041, paired Student’s t-test). (A3) Net effect of 10 lm PNU-120596 obtained by subtracting the peak current in
response to 10 mm choline from choline-induced current in the presence of PNU-120596. Dashed line indicates a median value of 9.90 pA ⁄ pF (n = 24 cells).
(B) Patch clamp measurements of SCG neurons from a5b2 KO animals. (B1, upper panel) Unveiling of a7-mediated currents by PNU-120596, and rapid reversal of
the effect by MLA. The ﬁgure shows a particularly large effect of PNU-120596. Three superimposed current traces in response to 10 mm choline (Ch, indicated by
bar); 10 mm choline in the presence of – and following a 10-s superfusion with – 10 lm PNU-120596 (arrow); pretreatment with 5 nm MLA for 2 min, followed by
10 mm choline plus 10 lm PNU-120596 (arrowhead). Note that choline by itself has a noticeable effect by activating a3b4 nAChRs. Calibration: 4 s, 2 nA. (B1,
lower panel) Same cell, with currents induced by 300 lm ACh (in the presence of 0.1 lm atropine, bar). 10 lm PNU-120596 (arrows) has no effect on initial peak
current but slows the decay of the current and the washout. Arrowhead denotes current following pretreatment with MLA. Calibration: 4 s, 2 nA. (B2) Cholineinduced currents in the presence of 10 lm PNU-120596 (Ch + PNU) are signiﬁcantly larger than in the absence of PNU (Ch). Paired observations of 16 neurons
(**P = 0.0015, Wilcoxon test). The inhibition of currents in response to choline plus PNU-120596 (Ch + PNU) by 2 min pretreatment with 5 nm MLA
(Ch + PNU + MLA) is not statistically signiﬁcant (P = 0.4156, Wilcoxon test, n = 16). Peak currents in response to 300 lm ACh are enhanced in the presence of
10 lm PNU-120596 (300 ACh + PNU); n = 14 neurons (*P = 0.0163, paired Student’s t-test). Peak currents in response to 500 lm ACh are unaffected by 2 min
pretreatment with 5 nm MLA (500 ACh + MLA); n = 25 neurons (P = 0.9692, paired Student’s t-test). (B3) Net effect of 10 lm PNU-120596 obtained by
subtracting the peak current in response to 10 mm choline from choline-induced current in the presence of PNU-120596. Dashed line indicates a median value of
4.29 pA ⁄ pF (n = 33 cells). These data differ signiﬁcantly from the data shown in A3 (P = 0.0023, Mann–Whitney test). (C) Patch clamp measurements of SCG
neurons from a5a7b2 KO animals. (C1, upper panel) Currents in response to 10 mm choline (bar) are unaffected by 10 lm PNU-120596. Graph shows two
superimposed current traces. The schedule of substance application is identical to panels A1 and B1. Calibration: 4 s, 2 nA. (C1, lower panel) Same cell, with
currents induced by 300 lm ACh (in the presence of 0.1 lm atropine, bar). 10 lm PNU-120596 (arrow) has no effect on the time course of receptor desensitization
and the washout of ACh. Calibration: 4 s, 2 nA. (C2) Choline-induced currents in the presence of 10 lm PNU-120596 (Ch + PNU) are not signiﬁcantly different
from currents in the absence of PNU (Ch). Paired observations of 35 neurons (P = 0.1918, Wilcoxon test). Peak currents in response to 300 lm ACh are enhanced in
the presence of 10 lm PNU-120596 (300 ACh + PNU); n = 26 neurons (**P = 0.0026, paired Student’s t-test).
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was deleted (Fig. 3B). Because only about 20% of receptors in the
SCG of WT animals contain the b2 subunit, this caused a major
reduction in the overall number of [3H]-epibatidine receptor binding
sites (Figs 1B and 2D).
We also found the a5 subunit is tightly regulated. When comparing
WT and b2 KO animals we saw no signiﬁcant difference in the
number of a5-containing receptors, indicating that a5 does not
substitute for the loss of b2 (Fig. 3A).

Functional a7 receptors in SCG cell cultures
Once we had established the types of receptors encountered in the
SCG, we characterized them functionally by patch clamp recordings.
We focused on two hetero-oligomeric receptors consisting of the
subunits a3b2 and a3b4, as the properties of such ‘pure’ receptors
have so far only been investigated in heterologous expression systems.
To exclude contributions from a7 homo-oligomeric nAChRs we
followed published protocols that detect currents due to the activation
of a7. SCG neurons freshly dissociated from 10- to 14-day-old rats
have two types of currents in response to the activation of two splicing
variants of the a7 gene: one of quite low amplitude (a7-1, currents in
the pA range) with extremely rapid desensitization kinetics, and a
second (a7-2, currents in the nA range) with relatively slow
desensitization kinetics (Cuevas et al., 2000; Severance et al.,
2004). Currents due to a7-2 activation by 500 lm ACh are inhibited
in a reversible manner by both a-bungarotoxin and methyllycaconitine
(MLA) (Cuevas et al., 2000). We did not see any inhibition of these
currents by MLA (Sigma M168), suggesting that this component, if
present in the P5–P7 mouse SCG, is lost when cells are maintained in
culture (Fig. 4A2 and B2).
We also probed our cultures for rapidly desensitizing a7 receptors
with choline, a full agonist for a7 receptors (Papke et al., 1996;
Cuevas et al., 2000). Choline concentrations ranging from 3 to 30 mm
induced negligible currents in cultured SCG neurons obtained from
a5b4 KO animals (Fig. 4A1 and A2), but slowly decaying currents of
considerable amplitude in our a5b2 KO preparations (Fig. 4B1 and
B2). The slowly desensitizing currents were due to the sole activation
of a3b4 without any contribution by a7 receptors, as they were also
seen in our a5a7b2-triple KO mice (Fig. 4C1 and C2).
We never experienced a rapidly decaying component as seen in
freshly dissociated rat SCG neurons (Cuevas et al., 2000). However,
choline effects were boosted to a variable extent by the positive allosteric
a7 modulator PNU-120596 (Hurst et al., 2005), and this effect was
reversed by 2 min pre-treatment with 5 nm MLA (Fig. 4). Because a3b2
receptors were hardly activated by choline, the effects of PNU-120596
were more obvious in SCG neurons of a5b4 than of a5b2 KO mice
(Fig. 4, compare A2 with B2). Nonetheless, net PNU-120596 effects
(seen by subtracting peak currents in the absence of the a7 modulator
from currents in the presence of PNU-120596) were signiﬁcantly larger
in a5b2 KO than in a5b4 KO animals (P = 0.0023, Mann–Whitney
comparison of data shown in Fig. 4A3 and B3). PNU-120596 had no
effect in the absence of choline, nor did it enhance choline-induced
currents in a5a7b2-triple KO mice subunit (Fig. 4C1 and C2), indicating
that the effect of the modulator is indeed speciﬁc for a7. The small
enhancement of ACh-induced currents by PNU-120596 in a5b2 KO
animals (Fig. 4B2) seems unrelated to an effect on a7 receptors, as it is
also seen in our a5a7b2-triple KO mice (Fig. 4C2).
We also tested 10 lm PNU-120596 on freshly dissociated E14 chick
ciliary ganglion neurons, a preparation renowned for its high density of
rapidly inactivating a7 receptors (Zhang et al., 1994). Peak currents in
response to 10 mm choline (40.4 ± 3.8 pA ⁄ pF, n = 15) increased to

1688 ± 204 pA ⁄ pF in the presence of PNU-120596 (supporting
Fig. S2). In view of this observation, the effect of PNU-120596
in cultured SCG neurons appears unimpressive (median values of
4.29 and 9.90 pA ⁄ pF for a5b2 and a5b4 KO, respectively; Fig. 4A3
and B3). We thus conclude that functional a7-1 receptors are expressed
in cultured mouse SCG neurons, but due to their small size are detected
by our techniques only in the presence of PNU-120596. It is worth
noting that rapidly desensitizing currents due to a7-1 in freshly
dissociated rat SCG neurons are signiﬁcantly smaller (currents in the
pA range, Cuevas et al., 2000) than in chick ciliary ganglion neurons
(currents in the nA range, Zhang et al., 1994) and thus are much more
likely to be missed. Previous attempts to record a-bungarotoxinsensitive currents in cultured rat SCG neurons have equally failed, in
spite of clear [125I]-a-bungarotoxin binding to plasma membrane
receptors in intact neurons (De Koninck & Cooper, 1995).

a3b2 receptors in the mouse SCG
In the absence of measurable a7 responses, the currents remaining in
our a5b4-double KO mice will be due to just a3b2 receptor activation.
Agonist-induced peak currents in cultured SCG neurons taken from
a5b4 KO mice were signiﬁcantly smaller than from a5b2 KO animals
(Tables 1 and 2, compare Figs 5 and 6). These results are in keeping
with our observation of a reduced number of [3H]-epibatidine binding
sites in the SCGs of P18 a5b4 KO animals (Fig. 1B) and suggest that
not only is the total number of receptors reduced in animals lacking
the b4 subunit but so too is the number of plasma membrane receptors.
Culturing neurons from a5b4 KO animals in the presence of 100 lm
nicotine increased the currents in response to ACh (Fig. 5C), although

Table 1. Pharmacological properties of distinct nAChRs

nAChRs and agonists

EC50

(A) a3b4 receptors (in a5b2 KO)
DMPP (n = 26)
19.04 ±
Cytisine (n = 24)
34.5 ±
Nicotine (n = 25)
32.95 ±
ACh (n = 24)
101.4 ±

0.76
2.26
1.34
4.65

Hill
coefﬁcient

Max current
density ()pA ⁄ pF)

1.91
1.44
1.68
1.60

107.8
124.5
115.6
134.79

±
±
±
±

0.06
0.06
0.06
0.05

(B) a3b4a5 receptors (in b2 KO)
DMPP (n = 26)
23.03 ± 1.17
Cytisine (n = 26)
37.69 ± 2.43
Nicotine (n = 0)
n.d.
ACh (n = 0)
n.d.

1.79 ± 0.08
1.10 ± 0.02
n.d.
n.d.

(C) a3b2 receptors (in a5b4 KO)
DMPP (n = 8)
10.97 ± 1.79
Cytisine (n = 8)
n.d.
Nicotine (n = 11)
22.51 ± 1.18
ACh (n = 10)
168.73 ± 25.20

1.21 ± 0.12
n.d.
1.78 ± 0.18
0.67 ± 0.04

±
±
±
±

6.7*
9.2*
7.9*
11.2*

91.73 ± 6.30
121.12 ± 8.02
n.d.
n.d.
39.29
10.76
36.20
34.29

±
±
±
±

7.50à
1.59%§
8.89à
5.81à

The table shows the data of averaged ﬁt parameters from dose–response curves
of individual cells (n = number of cells): (A) a3b4 receptors (see Fig. 6 for
original current traces); (B) a3b4a5 receptors – SCG neurons of b2 KO mice
contain about 60% a3b4 and 40% a3b4a5 receptors (see Fig. 2B); (C) a3b2
receptors (see Fig. 5 for original current traces). *Agonists not signiﬁcantly
different: one-way anova (F = 1.742, P = 0.1636), followed by Newman–
Keuls multiple comparison test (each comparison with a P > 0.05). Agonists
signiﬁcantly different (P = 0.0059, Student’s t-test). àAgonists not signiﬁcantly
different: one-way anova (F = 0.09781, P = 0.3429), followed by Newman–
Keuls multiple comparison test (each comparison with a P > 0.05). §Cytisine at
saturating concentrations produced only 10.76 ± 1.59% of the effect of DMPP
at a3b2 receptors (n = 8). DMPP, 1-dimethyl-4-phenylpiperazinium iodide;
n.d., not done.
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Table 2. Decay of macroscopic currents differs signiﬁcantly between a3b4
and a3b2, but not between a3b4 and a3b4a5 nAChRs
a3b4
(n = 18)

a3b4a5
(n = 18)

P-value*

a3b2
(n = 35)

Current amplitudes
Af (%)
As (%)
C (%)
Af + As + C (pA)

13.0
56.3
30.5
3747

16.8
48.6
34.5
3907

1.1
2.6
2.8
230

0.0373
0.0119
0.3323
0.6174

50.5
36.2
13.2
1166

Decay time constants
sf (ms)
ss (ms)
Capacitance (pF)

444 ± 22
5495 ± 496
49.1 ± 2.3

449 ± 30
5592 ± 509
57.7 ± 3.6

0.8922
0.8887
0.0567

132 ± 8
1129 ± 89
54.1 ± 2.7

±
±
±
±

0.7
2.3
2.8
215

±
±
±
±

±
±
±
±

2.1
1.7
1.0
77

The decay of currents in response to 300 lm ACh (in the presence of 0.1 lm
atropine) were ﬁt to the sum of two exponential functions (see examples in
Figs 5D and 6C) with two time constants sf (fast) and ss (slow) and three amplitudes: Af (fast), As (slow) and a plateau C. % of (Af + As + C) Note that time
constants do not differ signiﬁcantly between a3b4 and a3b4a5 receptors (in SCG
neurons taken from a5b2 and b2 KO mice, respectively), whereas the relative
contribution of Af and As to the overall current differ slightly between the two
genotypes (P < 0.05). In contrast, all parameters except for cell capacitance
(P = 0.2480, Student’s t-test) differ signiﬁcantly between a3b4 and a3b2 receptors (P < 0.01, Student’s t-test). *Student’s t-test, comparing a3b4 and a3b4a5.

effects were clearly less than in HEK tsA201 cells expressing a3b2
(Wang et al., 1998). Nonetheless, we routinely added nicotine to a
ﬁnal concentration of 100 lm after 1 day in vitro to our cultures and
removed it at least 2 h before the recordings.
The most conspicuous, although not unexpected, feature of a3b2
receptors is the rapid decline of macroscopic currents in response to
nAChR agonists (Fig. 5A and D), consistent with rapid equilibration
of activation and desensitization, favoring the desensitized state of this
receptor subtype. When ﬁtted to a double-exponential function,
currents induced by 300 lm ACh decay with two time constants of
132 ± 8 (fast, sf) and 1129 ± 89 ms (slow, ss), respectively (Fig. 5D,
Table 2). The rate of ﬂuid exchange of our superfusion system (see
Methods) is not fast enough for an accurate determination of
concentration–response parameters of such rapidly desensitizing
receptors and will cause an underestimation of the slope and of peak
currents at high agonist concentrations. Relatively slowly desensitizing receptors such as a3b4 will be less affected.
Notwithstanding this limitation, we can estimate EC50 values
(Table 1) and thus rank the potencies of agonists for a3b2 receptors.
Given the low efﬁcacy of cytisine at a3b2 receptors [about 10% of the
maximal currents of 1,1-dimethyl-4-phenylpiperazinium iodide
(DMPP); Table 1, Fig. 5B] we did not construct dose–response curves

Fig. 5. Functional properties of a3b2 nAChRs (analysed in a5b4 KO mice). (A1–3) Agonist-induced currents (upper panels; applications indicated by dotted lines),
and corresponding concentration–response curves (lower panels) by the nAChR agonists ACh (A1, in the presence of 0.1 lm atropine), nicotine (A2) and 1,1dimethyl-4-phenylpiperazinium iodide (DMPP) (A3). In order to construct the dose–response curves, peak current amplitudes were ﬁtted to the logistic equation
shown in the Methods. Averaged ﬁt parameters are provided in Table 1. Calibration A1–A3: 500 ms; 0.5 nA. (B) Low efﬁcacy of cytisine at a3b2 receptors: maxima
taken from full DMPP dose–response curves were set in relation to responses by saturating concentrations of cytisine in the same cell. Cytisine at saturating
concentrations produced only 10.76 ± 1.59% of the effect of DMPP (n = 8). (C) a3b2 nAChR up-regulation by nicotine: peak currents in response to 300 lm ACh
(in the presence of 0.1 lm atropine) in untreated cultures (Naı̈ve; circles; n = 38), and in cultures treated for > 48 h with 100 lm nicotine (Nicotine; triangles;
n = 67). Lines indicate median values of 19.3 and 23.2 pA ⁄ pF for naı̈ve and nicotine-treated cultures, respectively; signiﬁcantly different at P = 0.0087, Mann–
Whitney test. (D) Rapid desensitization of a3b2 nAChR. Patch clamp recording of an SCG neuron taken from a a5b4 KO mouse, with current induced by 300 lm
ACh (in the presence of 0.1 lm atropine, dotted line). Dashed line indicates decay of current ﬁtted to the sum of two exponential functions (displaced for clarity from
original trace by 200 pA). Fit parameters are 115 ms (sf, fast), 1477 ms (ss, slow), )1171 pA (Af, fast), )472 pA (As, slow), )140 pA (plateau). Calibration: 2 s,
1 nA. Averaged ﬁt parameters from identically designed experiments are provided in Table 2.
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Fig. 6. Functional properties of a3b4 nAChRs (in a5b2 KO mice). (A) Agonist-induced currents (upper panels; applications indicated by dotted lines), and
corresponding concentration–response curves (lower panels) by the nAChR agonists ACh (A1, in the presence of 0.1 lm atropine), nicotine (A2), DMPP (A3) and
cytisine (A4). Arrows in A2 indicate an initial ‘hump’ discussed in the Results section. In order to construct the dose–response curves, peak current amplitudes were
ﬁtted to the logistic equation shown in the Methods. Averaged ﬁt parameters are provided in Table 1. Calibration A1–A4: 500 ms; 2 nA. (B) Potency ratios
determined from agonist-induced peak currents elicited at the low end of the concentration–response curves. (B1) a5b2 KO: peak current amplitudes in response to 3
and 10 lm DMPP (circles) and cytisine (triangles), respectively, were ﬁtted to the logistic equation with the constraints of a common slope and a maximum set to
7 nA. This resulted in ﬁctitious EC50 values of 16.1 lm (DMPP) and 21.7 lm (cytisine) and a potency ration of 21.7 ⁄ 16.1 = 1.34. (B2) b2 KO: same protocol as
described for B1. Fictitious EC50 values were 39.2 lm (DMPP) and 26.2 lm (cytisine), with a resulting potency ration of 0.67. Note that cytisine is more potent than
DMPP in the b2 KO, whereas potencies are reversed in the a5b2 double KO. Averaged potency ratios from identically designed experiments are provided in Fig. 7.
(C) Patch clamp recording of an SCG neuron taken from a b2 KO mouse, with current induced by 300 lm ACh in the presence of 0.1 lm atropine (dotted line).
Dashed line indicates decay of current ﬁtted to the sum of two exponential functions (displaced for clarity from original trace by 200 pA). Fit parameters are 0.47 s
(sf, fast), 6.98 s (ss, slow), )809 pA (Af, fast), )2899 pA (As, slow), )943 pA (plateau). Calibration: 2 s, 1 nA. Averaged ﬁt parameters from identically designed
experiments are provided in Table 2.

for this substance, a known partial agonist ⁄ antagonist for receptors
containing the b2 subunit (Luetje & Patrick, 1991; Papke &
Heinemann, 1994; Nelson et al., 2001). Because the a5 subunit does
not assemble into a3b2 receptors (Figs 2D and 3A), we did not include
the analysis of b4-single KO animals in our patch clamp experiments.
a3b4 receptors in the mouse SCG
As documented above, about 55% of receptors in the SCG of WT
animals consist of the subunits a3 and b4, 24% also contain a5, and
21% hold b2. Unlike in human IMR-32 cells, where a5 (5%) and b2
(6%) contribute little to the overall number of a3b4 receptors (Nelson
et al., 2001) we might thus expect more distinct differences in receptor
function between WT and a5b2 KO mice. Indeed, DMPP was more
potent than cytisine in the SCG of a5b2 KO mice (Table 1, and see
Fig. 7), whereas the potencies of the two agonists are reversed in WT
animals (Fischer et al., 2005). This shift of agonist potencies seems
primarily to be due to the deletion of the a5 subunit, as we observed it
as well in a5-single KO mice (Fischer et al., 2005). Although
deletions of the subunits a5 and b2 leave just a3b4 receptors in the
SCG we noticed two current components when using nicotine as an
agonist (apparent as an early ‘hump’ in the current traces at lower
concentrations, Fig. 6A2). One explanation of the phenomenon could
be the presence of two receptors with an alternate stoichiometry. It has
previously been shown that HEK 293 cells permanently transfected

with the a4 and the b2 subunits express both 2(a4)3(b2) and
3(a4)2(b2) receptors with different sensitivities to nAChR agonists, in
particular ACh (Nelson et al., 2003). By testing the hypothesis that
a3b4 receptors, expressed with varied stoichiometry in Xenopus
oocytes, might also display different pharmacological properties, we
found decreased potencies of both ACh and nicotine upon enhancing
the presence of a3 at the expense of b4 (supporting Fig. S3). When
applied to our observations in the SCG, the ﬁrst and the second peak
could thus be due to the activation of 2(a3)3(b4) and 3(a3)2(b4),
respectively. It is worth noting that a3 mRNA exceed b4 levels by
about a factor of 2 in the adult mouse SCG (Putz et al., 2008).

a3b4a5 receptors in the mouse SCG
Deletion of the b2 subunit will leave a3b4a5 receptors, in addition to
the more numerous a3b4 subunit combination (Fig. 2C). Contrary to
a5b2 KO animals, cytisine was more potent than DMPP when the two
agonists were used in low concentrations (Fig. 7: potency ratio
0.76 ± 0.04; signiﬁcantly different from a5b2 KO: P < 0.001, Newman–Keuls multiple comparison test following one-way anova,
F = 28.47, P < 0.0001; see also Fig. 6B). Low-concentration potency
ratios were originally introduced to take differences of receptor
desensitization at high agonist concentrations into account (Luetje &
Patrick, 1991; Covernton et al., 1994). In fact, the potency ratio of
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Fig. 7. Genotypes differ by their cytisine to DMPP potency ratios. Filled bars
show mean ± SEM low-concentration potency ratios; hatched bars are
mean ± SEM potency ratios deduced from full concentration–response curves
of genotypes indicated at the abscissa. Potency ratios of cytisine by DMPP
were calculated for individual cells by dividing the corresponding ﬁctitious
EC50 values (low concentration, see Fig. 6B for an example) or fully explored
EC50 values (full concentration–response). Figures in parentheses are the
number of cells. The data for WT and a5 KO are from Fischer et al. (2005).
Ratios > 1 (above the dotted line) indicate a higher potency of DMPP. One-way
anova (F = 28.47, P < 0.0001), followed by Newman–Keuls multiple
comparison test. n.s., not signiﬁcantly different (P > 0.05); *signiﬁcantly
different (P < 0.05); ***signiﬁcantly different (P < 0.001).

cytisine relative to DMPP calculated from responses at the lower end
of the concentration–response curves differed signiﬁcantly from
results derived from full concentration–response curves for both
genotypes (Fig. 7: one-way anova, F = 28.47, P < 0.0001, followed
by Newman–Keuls multiple comparison test: b2 KO: P < 0.001; a5b2
KO: P < 0.05 KO). Potency ratios of cytisine relative to DMPP at low
concentrations have previously been shown to be sensitive discriminators for receptors containing the subunits a3 and b4 (Fischer et al.,
2005).
a3b4a5 expressed in Xenopus oocytes differ from a3b4 receptors
by macroscopic currents with signiﬁcantly faster decay time constants
(Gerzanich et al., 1998). We tested whether we could see such a
difference in the decay of macroscopic currents between b2 KO
(leaving a3a5b4 in addition to a3b4 receptors) and a5b2 KO (leaving
just a3b4 receptors). However, when ﬁtting the decay of current in
response to 300 lm ACh to the sum of two exponential functions we
found both the fast (sf) and the slow time constants (ss) unaffected by
the presence of ACh. Nonetheless, the amplitude of the slow
component increased slightly at the expense of the fast component
when a5 was absent (Table 2).

Effects of the a-conotoxins AuIB and MII
Our double KO mice enabled us to investigate the effects of the two
a-conotoxins AuIB and MII on ‘pure’ a3b4 and a3b2 receptors in
SCG neurons and to compare these results with observations in WT
animals (Fig. 8). a-Conotoxin AuIB rapidly and reversibly inhibited
a3b4 receptors (Fig. 8A2 and A3), with about one order of potency
less than rat a3b4 receptors expressed in Xenopus oocytes (Luo et al.,
1998). In comparison with nAChRs in WT SCG (Fig. 8B2 and B3),
the currents induced by 300 lm ACh were somewhat more reduced

in the a5b2 KO mice (Fig. 8B3: AuIB at 5 lm: a5b2 KO: 55.2 ± 2.9%
of control, n = 8 cells; WT: 63 ± 2.4%, n = 14 cells; P = 0.0483,
Student’s t-test; AuIB at 10 lm: a5b2 KO: 34.0 ± 2.5%, n = 7 cells;
WT: 43.0 ± 3.0%, n = 8 cells; P = 0.0414, Student’s t-test), suggesting that co-assembling of the subunits a5 and ⁄ or b2 into a3b4
nAChRs interferes with the effect of the toxin. a-Conotoxin AuIB at
5 lm did not affect the currents induced in SCG neurons of a5b4 KO
mice (Fig. 8C1).
a-Conotoxin MII, by contrast, rapidly inhibited a3b2 receptors with
high potency (Fig. 8C2). Consistent with previous observations
(Cartier et al., 1996), recovery from inhibition was slow and
incomplete (Fig. 8C3). a-Conotoxin MII at 100 nm did not affect
a3b4 nAChRs (Fig. 8A1), but slightly reduced currents in response to
300 lm ACh in SCG neurons taken from WT animals (to 98.2% of
control peak currents after 250 s of toxin application, P = 0.0498,
one-sample Student’s t-test with reference to a hypothetical 100%,
n = 13 cells, Fig. 8B1). These observations are consistent with the
reported high afﬁnity and selectivity of a-conotoxin MII for a3b2
receptors (Cartier et al., 1996) and suggest that few, if any, b2 subunits
form an interface with a3 in WT SCG neurons. Importantly, we did
not encounter SCG neurons of WT mice with currents that were
particularly sensitive to the toxin. This is in contrast to a3-containing
receptors in chick ciliary ganglion neurons that are highly susceptible
to 300 nm a-conotoxin MII (Nai et al., 2003).

Transganglionic neurotransmission in WT, a5b2 KO and a5b4
KO animals
We measured postganglionic compound action potentials of ganglia
dissected from WT, a5b2 KO and a5b4 KO animals and found no
signiﬁcant differences in the amplitudes of the three preparations
(Fig. 9). The experiments indicate that supramaximal stimulation of
the preganglionic nerve will activate the same number of postganglionic nerves in the three genotypes. Hence, synaptic transmission is
maintained despite a signiﬁcantly reduced overall number of nAChRs
in the a5b4 KO animals.

Discussion
With self-generated, subunit-speciﬁc antibodies we have established
three types of hetero-pentameric receptors in the WT mouse SCG:
a3b4 (55%), a3b4a5 (24%) and a3b4b2 (21%). Hence, all receptors
in the SCG contain a3 and b4, and the subunits a5 and b2 are never
co-assembled into the same receptor. Furthermore, targeted deletion of
b4 also removed all a5-containing receptors, indicating that even
under these stringent conditions, the a5 subunit could not be forced
into assembly with b2. b4-Single KO mice – just as with a5b4-double
KO – thus express only a3b2 hetero-pentameric receptors.
Mice lacking the b4 subunit had signiﬁcantly reduced [3H]epibatidine binding and whole-cell currents, indicating less overall
and cytoplasmic membrane nAChRs in this genotype. Nonetheless,
the amplitude of compound action potentials recorded from postganglionic nerves did not differ signiﬁcantly from WT animals.
Choline, a proposed a7-speciﬁc agonist, induced sizeable currents in
SCG neurons from both a5b2-double and a5b2a7-triple KO mice,
indicating that these currents are due to the activation of a3b4 receptors.
In keeping with this conclusion, the currents in response to choline were
negligible in a5b4-double KO animals. However, choline in the
presence of the positive a7-speciﬁc modulator PNU-120596 induced
currents (of variable amplitudes) in the a5b4-double KO and enhanced
the currents in SCG neurons of a5b2-double KO mice.
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Fig. 8. Effects of the a-conotoxins AuIB and MII. Currents were induced by 300 lm ACh (in the presence of 0.1 lm atropine, 0.5 lm TTX and 0.1 mg ⁄ mL bovine
serum albumin) in cultured SCG neurons of a5b2 KO (A1–A3, B3), WT (B1–B3) or a5b4 KO (C1–C3) mice, and in the absence (control, 100%) or presence of the
a-conotoxins AuIB or MII. (A1) a5b2 KO mice: bars (mean percentage of currents relative to controls ± SEM, n = 7–9 cells) show the absence of effects of
a-conotoxin MII on nAChRs in SCG neurons of a5b2 KO mice. The application of 100 nm a-conotoxin MII for indicated periods of time does not signiﬁcantly
decrease peak currents (one-sample Student’s t-test with reference to a hypothetical 100%: P10 sec = 0.6752; P130 sec = 0.2009; P250 sec = 0.3046). (A2) Time- and
concentration-dependent inhibition by a-conotoxin AuIB of nAChRs remaining in SCG neurons of a5b2 KO mice. Down triangles: 3 lm (n = 5 cells); up triangles:
5 lm (n = 8 cells); circles: 10 lm a-conotoxin AuIB (n = 7 cells). Data points are the mean percentages of currents relative to controls ±SEM (shown if error bars
exceed symbols). (A3) Fast and full recovery of the inhibition by 5 lm (down triangles, n = 3 cells) and 10 lm a-conotoxin AuIB (circles, n = 4 cells). (B1) WT
mice: bars (mean percentage of currents relative to controls ± SEM, n = 13 cells) show little effect of a-conotoxin MII on nAChRs in SCG neurons of WT mice. The
application of 100 nm a-conotoxin MII for indicated periods of time leaves 100.4% (after 10 s, P = 0.6119), 98.4% (after 130 s, P = 0.0534) and 98.2% (after 250 s,
*P = 0.0498) of control peak currents (one-sample Student’s t-test with reference to a hypothetical 100%). (B2) Time- and concentration-dependent inhibition by
a-conotoxin AuIB of nAChRs in SCG neurons of WT mice. Down triangles: 3 lm (n = 8–11 cells); up triangles: 5 lm (n = 13–14 cells); circles: 10 lm a-conotoxin
AuIB (n = 8 cells). Data points are the mean percentages of currents relative to controls ± SEM (shown if error bars exceed symbols). (B3) Concentration-dependent
inhibition by indicated concentrations of conotoxin AuIB of nAChR currents in SCG neurons of a5b2 KO (ﬁlled bars) or WT (hatched bars) mice. Currents induced
by 300 lm ACh were measured 250 s after toxin application and set in relation to control peak currents. AuIB has a signiﬁcantly larger effect in a5b2 KO than in
WT mice (AuIB at 5 lm: a5b2 KO: 55.2 ± 2.9%, n = 8 cells; WT: 63 ± 2.4%, n = 14 cells; *P = 0.0483, Student’s t-test; AuIB at 10 lm: a5b2 KO: 34.0 ± 2.5%,
n = 7 cells; WT: 43.0 ± 3.0%, n = 8 cells; *P = 0.0414, Student’s t-test). (C1) a5b4 KO mice: bars (mean percentage of currents relative to controls ± SEM, n = 8
cells) show the absence of effects of a-conotoxin AuIB on nAChRs in SCG neurons of a5b4 KO mice. The application of 5 lm a-conotoxin AuIB for indicated
periods of time does not signiﬁcantly inhibit peak currents (one-sample Student’s t-test with reference to a hypothetical 100%: P10 sec = 0.1173; P130 sec = 0.5057;
P250 sec = 0.0935). (C2) Time- and concentration-dependent inhibition by a-conotoxin MII of nAChRs remaining in SCG neurons of a5b4 KO mice. Down
triangles: 10 nm (n = 8 cells); up triangles: 30 nm (n = 11 cells); circles: 100 nm a-conotoxin MII (n = 6 cells). Data points are the mean percentages of currents
relative to controls ± SEM (shown if error bars exceed symbols). Note that 130 s exposure to 100 nm a-conotoxin MII blocks 95% of the currents. (C3) Slow and
partial recovery of the inhibition by 30 nm (up triangles, n = 9 cells) and 100 nm a-conotoxin MII (circles, n = 6 cells).
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Fig. 9. Compound action potentials do not differ between genotypes. (A) Postganglionic compound action potentials (20 superimposed traces) recorded from the
postganglionic (internal carotid) nerve in response to suprathreshold stimuli at 0.5 Hz to the preganglionic (SCG) nerve. Arrow shows the compound action
potential, arrowhead the preganglionic potential and asterisk (*) the stimulation artifact. The ganglion was taken from a 5-week-old WT animal. Calibration: 20 ms,
200 lV. (B) Bars show mean ± SEM compound action potential amplitudes measured in SCGs taken from 4- to 6-week-old WT (n = 20), a5b2 KO (n = 14) and
a5b4 KO (n = 16) mice. Note that mean amplitudes of either a5b2 KO or a5b4 do not differ signiﬁcantly from WT [P > 0.05, one-way anova (F = 0.8223,
P = 0.4457), followed by a Dunnett’s multiple comparison test with data referenced to WT].

‘Pure’ a3b4 nAChRs were activated by the nicotinic receptor
agonists with a rank order of potency DMPP > nicotine = cytisine > ACh. This rank order was similar for a3b2 receptors, although
cytisine was a poor agonist in the a5b4 KO mice. Furthermore, a3b4
and a3b2 receptors differed remarkably in the decay of macroscopic
currents and their responses to the a-conotoxins AuIB and MII. In
contrast with previous observations in Xenopus oocytes (Wang et al.,
1996; Gerzanich et al., 1998), we did not see an effect of the a5
subunit on the decay of macroscopic currents after a3b4 receptor
activation.

our previous observation that b2 expression is tightly regulated (Putz
et al., 2008) and thus limits the formation of receptors in the SCG.
Interestingly, the deletion of b4 also removed all receptors containing
the a5 subunit, implying that a5 under no circumstances could be
forced into co-assembling with a3b2 in the mouse SCG. a3b2a5 have
been expressed in Xenopus oocytes (Wang et al., 1996; Gerzanich
et al., 1998) and in HEK293 cells (Nelson et al., 2001), and may
occur in the rat superior colliculus (see Gotti et al., 2006). In contrast
to b4-single and the a5b4-double KO, deletions of either a5 or b2 had
no effect on the overall number of receptors. Furthermore, the two
subunits did not substitute for each other when one was deleted.

nAChRs in the rodent SCG
We found a3b4, a3b4b2 and a3b4a5 nAChRs in the mouse SCG,
virtually identical to that in the rat based on their subunit composition,
frequency of their occurrence and overall [3H]-epibatidine binding
(480 fmol ⁄ mg protein, Mao et al., 2006). Likewise, the KD of
[3H]-epibatidine binding in our membrane preparation (150.7 ±
25.6 pmol ⁄ L) compares well with previous ﬁndings in the adult
(intact) mouse SCG (137 pmol ⁄ L, Del Signore et al., 2002). This
close similarity between the two species is noteworthy, as we have
previously observed major differences of nAChR function at noradrenergic nerve terminals in the rat and mouse hippocampus (Scholze
et al., 2007).

nAChRs remaining after deletions of distinct subunits
In the brain, b2-containing receptors greatly outnumber receptors that
contain b4 (McGehee & Role, 1995; Albuquerque et al., 2009), and in
most brain regions, targeted deletion of the b2 subunit virtually
abolishes [3H]-epibatidine binding and receptor autoradiography (Zoli
et al., 1998) due to the absence of a b subunit required to form
functional nAChRs (Champtiaux & Changeux, 2004). Although both
b subunits are expressed in the WT mouse SCG, we ﬁnd the overall
number of receptors in the b4 KO to be reduced by > 85% (to about
the expression level of b2 in WT mice), indicating that b2 does not
substitute for an absent b4 subunit. These results signiﬁcantly extend

Functional characterization of hetero-pentameric nAChRs
in the mouse SCG – lessons from KO mice
We and many others have used nAChR agonists for a ‘pharmacological ﬁngerprinting’ of receptors (e.g. Colquhoun & Patrick, 1997b;
Kristufek et al., 1999; Fischer et al., 2005; Gotti et al., 2006). Our
current patch clamp experiments show that DMPP activates somatic
a3b4 receptors (in the SCG of a5b2-double KO mice) somewhat more
potently than cytisine (low-concentration potency ratio of cytisine ⁄ DMPP: 1.23, Figs 6B1 and 7). These data compare well with
ra3b4 receptors expressed in HEK cells (potency ratio: 1.47, Wong
et al., 1995) and human a3b4 receptors in Xenopus oocytes (potency
ratio: 4, Chavez-Noriega et al., 1997) or HEK cells (potency ratio:
1.29, Nelson et al., 2001). Other reports show cytisine to be more
potent than DMPP for ra3b4 receptors expressed in Xenopus oocytes
(Luetje & Patrick, 1991; Covernton et al., 1994) or in L-929
ﬁbroblasts (Lewis et al., 1997).
Removal of just the b2 subunit leaves a3b4 receptors in the SCG
with and without a5 that are overall more sensitive to cytisine than to
DMPP (low-concentration potency ratio cytisine ⁄ DMPP: 0.76,
Figs 6B2 and 7). An increased potency of cytisine has previously
been observed when a5 co-assembled with ha3b4 receptors in
Xenopus oocytes (Gerzanich et al., 1998). We can, however, not
conﬁrm that the presence of a5 confers enhanced desensitization as
well as increased calcium permeability to a3b4 receptors also reported
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in this study. We thus found no difference in the decay time constants
of macroscopic currents between b2-single (leaving a3b4 and a3b4a5
receptors) and a5b2-double KO mice (leaving a3b4 receptors, this
study), and enhanced calcium transients in response to nAChR
activation in a5 KO compared with WT mice (Fischer et al., 2005). In
line with our observations, a5 had no effect on the decay time
constants in HEK cells transfected with either ha3b4 (495 ms) or
ha3a5b4 (563 ms, probed with 300 lm ACh, Nelson et al., 2001).
a3b2 receptors investigated in a5b4-double KO mice distinctly
differed from a3b4 receptors by a much faster decay of macroscopic
currents and by a low efﬁcacy of cytisine. These cardinal properties
have consistently been observed when a3b2 receptors were heterologously expressed in Xenopus oocytes (e.g. Papke & Heinemann,
1994; Fenster et al., 1997; Gerzanich et al., 1998) or in HEK 293 cells
(Wang et al., 1998). However, data on the potency of agonists when
tested on recombinant a3b2 receptors are less consistent by showing,
for example, an exceptional low potency of nicotine (Covernton et al.,
1994) and a rather high potency of ACh (Luetje & Patrick, 1991). Our
own results agree best with the observations in Xenopus oocytes by
Gerzanich et al. (1998).

Types of nAChRs in the SCG of WT mice
The pharmacological proﬁles of nAChRs in our single and double KO
models also help in resolving the functions of different nAChRs in the
SCG of WT mice. As cytisine was consistently more potent than
DMPP in every nerve cell of WT mice (Fischer et al., 2005) we
conclude that the a5 subunit is present in all neurons (absence of a5
reversed the cytisine ⁄ DMPP potency ratio, see Fischer et al., 2005).
The subtle inﬂuence of b2 on the effects of agonists (Colquhoun &
Patrick, 1997a; Wang et al., 2005) makes it more difﬁcult to establish
its impact on a3b4 nAChRs, and although we cannot exclude that
a3b4b2 receptors are expressed just in a subset of neurons, our
observations in b4 KO mice argue against a restricted expression of
a3b4b2 nAChRs. In such a case we might expect neurons with a3b2
receptors as well as unresponsive cells without nAChRs (b4 deleted,
b2 not present ﬁrst hand), a phenomenon we did not observe. We
furthermore did not encounter SCG neurons in WT mice with currents
that were particularly sensitive to a-conotoxin MII and thus propose
that all three types of receptors occur in all SCG neurons. In keeping
with this conclusion, all neurons of the rat SCG showed immunoperoxidase staining with rabbit anti-a5 antibodies (Skok et al., 1999).

desensitizing a3b4 receptors, a3b2-mediated depolarization of parasympathetic ganglia in response to bath-applied agonists will be shortlasting, with fewer postganglionic nerve action potentials and therefore
less transmitter release that cause smooth muscles to contract.
a3 is the only a subunit in the SCG that is able to form heteropentameric nAChRs, and deletion of a3 abolishes synaptic transmission in the SCG of mice (Xu et al., 1999a; Rassadi et al., 2005;
Krishnaswamy & Cooper, 2009). Nonetheless, mice lacking a3 are
vital and breed even in the absence of functional ganglionic nAChRs
(Krishnaswamy & Cooper, 2009). What is important to note is these
experiments done in laboratory conditions do not take into account the
pressure of survival outside. In humans, both hyper- and under-activity
of the autonomic nervous system may cause serious diseases (Xu
et al., 1999a; De Biasi, 2002; Lindstrom, 2002; Alkadhi et al., 2005b;
Wang et al., 2007).
In our work we have addressed key issues on nAChR composition
and function in the mouse sympathetic nervous system by a combined
approach of immunoprecipitation, electrophysiology and deletions of
distinct nAChR subunit genes. We show that transganglionic neurotransmission is maintained in our b4 mouse KO models despite
signiﬁcantly reduced levels of nAChRs. Our report conﬁrms some but
not all observations previously made on recombinant a3b4 and a3b2
receptors, stressing the necessity of further such studies on receptors in
their native environment.

Supporting Information
Additional supporting information may be found in the online version
of this article:
Fig. S1. Conﬁrmation of the subunit speciﬁcity of antibodies by
recombinant and native nAChRs.
Fig. S2. Effect of PNU-120596 on the current induced by 10 mm
choline in a freshly dissociated E14 chick ciliary ganglion neuron.
Fig. S3. The pharmacological properties of a3b4 receptors are affected
by their stoichiometry.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing ﬁles) should be addressed to the authors.
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