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Abstract

We have developed an array of assays for nicotinic acetylcholine receptor binding and function. [*?°I]a-Bungarotoxin-, ( —)-[*Hlnico-
tine-, and [*H]epibatidine-binding nicotinic acetylcholine receptors were assayed in mouse brain membranes and sections. Nicotinic
acetylcholine receptor function was quantified using synaptosomal [*H]dopamine, [*H]y-aminobutyric acid ((*H]GABA), and ®*Rb*
efflux techniques. Additionally, the effects of B2 subunit deletion on each of the measures were assessed. Detailed pharmacological
comparison revealed minimally six nicotinic binding subtypes: [**°I]a-bungarotoxin-binding nicotinic acetylcholine receptors; B2-sub-
unit-dependent and -independent high-affinity (—)-[*H]nicotine-binding sites; p2-dependent and -independent cytisine-resistant [*H]epi-
batidine-binding sites; and a P2-dependent low-affinity [3H]epi batidine binding site. Comparative pharmacology suggested that
[*HIGABA and dihydro-B-erythroidine (DHBE)-sensitive ®*Rb* efflux are mediated by the same (probably a4B2) nicotinic acetyl-
choline receptor subtype, while other nicotinic acetylcholine receptor subtypes evoke [3H]dopami ne and DHB E-resistant 8Rb* efflux. In
whole-brain preparations, each measure of nicotinic acetylcholine receptor function was 32 dependent. The majority of B 2-independent
[*H]epibatidine binding was located in small, scattered brain nuclei, suggesting that individual nuclei may prove suitable for identification

of novel, native nicotinic acetylcholine receptors. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molecular cloning techniques have identified nine nico-
tinic acetylcholine receptor subunits (a2-7, 2-4), the
mMRNAs of which are expressed in varying patterns and
quantities throughout the mammalian brain (Lindstrom et
al., 1996). Mature nicotinic acetylcholine receptors appear
to be pentameric assemblies of these subunits, and because
different combinations of subunits produce receptors of
different subtypes, the potential for nicotinic acetylcholine
receptor diversity in mammalian brain is vast.

Identifying which nicotinic acetylcholine receptor sub-
types are expressed in mammalian central nervous system

* Corresponding author. Tel.: +1-303-492-8752; fax: +1-303-492-
8063.

(CNS) has been a difficult task due to a paucity both of
truly subtype specific nicotinic compounds, and of well-
characterized assays for nicotinic receptor binding and
activation. These problems exacerbate each other, and
progress in one area is likely to have positive repercus-
sions in the other. To date, extensive biochemical data
have only been collected for two native nicotinic acetyl-
choline receptor subtypes: the ** high-affinity agonist bind-
ing’ a4p2 subtype (labeled by [*Hlcytisine and (—)-
[*H]nicotine; Whiting and Lindstrom, 1987; Flores et a.,
1992; Picciotto et a., 1995; Marubio et al., 1998) and the
predominantly or entirely o7 subtype (Iabeled by [**°1]a-
bungarotoxin, Schoepfer et al., 1990; Seguela et al., 1992).
Identification of additional naturally expressed nicotinic
acetylcholine receptor subtypesis a priority as it will yield
insights into the rules governing assembly of subunit pep-
tides into receptor proteins, facilitate generation and isola
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tion of subtype specific compounds, and enhance under-
standing of the physiologica roles of individual neuronal
nicotinic acetylcholine receptor subtypes in normal and/or
pathological states.

One of our laboratory’s main priorities has been to
develop and characterize binding and functional assays of
nicotinic receptors. The primary motivation in this effort
has been to identify discrepancies between different mea-
sures of nicotinic acetylcholine receptor binding and func-
tion, which would indicate heterogeneity in the nicotinic
acetylcholine receptor populations responsible.

[°H]Epibatidine has been shown to bind to multiple
nicotinic acetylcholine receptor subtypes with high-affinity
(Perry and Kellar, 1995; Marks et al., 1998; Parker et al.,
1998). In rat (Perry and Kellar, 1995) and mouse (Marks et
al., 1998) CNS, the majority of high-affinity [*H]epibati-
dine binding occurs at the 42 subtype nicotinic acetyl-
choline receptor, but additional sites (distinguished by their
relatively low cytisine affinity) are also expressed in small
nuclei, dispersed across the brain. This information pro-
vided the impetus to use [*H]epibatidine binding as a tool
to identify novel nicotinic acetylcholine receptor subtypes
in mouse brain.

A growing consensus that many nicotinic acetylcholine
receptors are located presynaptically, where they modulate
neurotransmitter release (Wonnacott, 1997), has encour-
aged efforts to study nicotinic acetylcholine receptor func-
tion in preparations of isolated nerve termini, or synapto-
somes. Accordingly, we have concentrated our efforts on
developing novel functional assays of nicotinic acetyl-
choline receptor mediated synaptosomal release. Such as-
says may be divided into those that monitor neurotrans-
mitter release, an indirect measure of nicotinic acetyl-
choline receptor activation, and those that measure ion flux
through the nicotinic acetylcholine receptor directly. In the
first category, we have described nicotinic acetylcholine
receptor-mediated mouse brain synaptosomal [*H]dopa-
mine (Grady et al., 1992) and [°Hl]y-aminobutyric acid
(PHIGABA) (Lu et al., 1998) efflux assays. In order to
directly measure nicotinic acetylcholine receptor-mediated
ion flux, we have characterized ® Rb* efflux assays, using
both discrete sampling (Marks et al., 1993) and continuous
flow monitoring detection, which offers considerable in-
creases in tempora resolution (Marks et al., 1999). Ion
flux assays offer a means to measure activation of all of
the nicotinic acetylcholine receptors in a given preparation,
while neurotransmitter release assays will only measure
activation of nicotinic acetylcholine receptors associated
with synaptosomes containing the transmitter in question.
Whether this added selectivity is an advantage depends on
the particular experimental application. Detailed pharmaco-
logical comparisons among these biochemical assays indi-
cate considerable heterogeneity in the nicotinic acetyl-
choline receptor-mediated responses, suggesting mediation
by a number of different nicotinic acetylcholine receptor
subtypes.

As an adjunct to the conventional pharmacological ap-
proach, we have begun to use subunit null mutant animals,
as a further tool to provide insights as to the identities of
these putative nicotinic acetylcholine receptor subtypes.
Changes in, or losses of, nicotinic measures upon alter-
ations in nicotinic acetylcholine receptor subunit gene
expression powerfully implicate that gene’'s product as a
component of the nicotinic acetylcholine receptor mediat-
ing the tested measure. The results reported here demon-
strate the utility of B2-null mutant mice in establishing the
role of the B2 nicotinic acetylcholine receptor subunit in
binding and functional measures of mouse brain nicotinic
acetylcholine receptors.

2. Materials and methods
2.1. Materials

[7,8-*H]Dopamine (4060 Ci /mmol), (—)-[ N-methyl-
*Hlnicotine (75 Ci/mmol), [*°Ila-bungarotoxin (initial
specific activity 200 Ci /mmol) and [*HIGABA (84-90
Ci/mmol) were obtained from Amersham, Arlington
Heights, IL. [*H]Epibatidine (33.8 Ci /mmol), and carrier
free ® RbCl were bought from DuPont-NEN, Boston, MA.
The following compounds were purchased from Research
Biochemicals International, Natick, MA: (+ )-epibatidine
hydrochloride, (—)-epibatidine hydrochloride, (+ )-anato-
xin-a, epiboxidine, dihydro-B-erythroidine (DHBE) and
3-(2-(S)-azetidinylmethoxy)pyridine dihydrochloride
(A85380). Sucrose and HEPES hemisodium sat were
bought from Boehringer-Mannheim (Indianapolis, IN).
Econosafe scintillation cocktail was a product of Research
Products International, Arlington Heights, IL. Mecamy-
lamine was a gift from Merck Sharp and Dohme Research
Laboratory, Rahway, NJ. All other chemicals were sourced
from Sigma, St. Louis, MO.

2.2. Mice

C57BL /6J and B2 nicotinic acetylcholine receptor null
mutant mice (Picciotto et al., 1995) were bred at the
Institute for Behavioral Genetics (University of Colorado,
Boulder, CO). C57BL /6J mice were housed five per cage,
and B2 nicotinic acetylcholine receptor null mutant mice
were housed with like-sex littermates (two to five per
cage). Mice were maintained in a vivarium at 22°C with a
12-h light /dark cycle (lights on from 7 AM to 7 PM). The
mice were allowed free access to food (Harlan Tekland
Rodent Diet) and water. Animals of both sexes were used
between 60 and 90 days of age. All anima care and
experimental procedures were performed in accordance
with the guidelines and with the approval of the Animal
Care and Utilization Committee of the University of Col-
orado, Boulder.
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2.3. Autoradiography: preparation of sections

Autoradiography procedures were similar to those de-
scribed previously (Pauly et al., 1989; Marks et al., 1998).
Mice (C57BL /6J or wild-type, heterozygous, or homozy-
gous B2-null mutants) were killed by cervical didocation,
the brains were removed from the skull and rapidly frozen
by immersion in isopentane (—35°C, 10 s). The frozen
brains were wrapped in aluminum foil, packed in ice, and
stored at —70°C until sectioning. Tissue sections (14 pm
thick) prepared using an IEC Minotome Cryostat refriger-
ated to —16°C were thaw-mounted onto subbed micro-
scope slides (Richard Allen, Richland, MI). Slides were
subbed by incubation with gelatin (1% w /v) /chromium
aluminum sulfate (0.1% w/v) for 2 min at 37°C, drying
overnight at 37°C, incubation at 37°C for 30 min in 0.1%
(w/v) poly-L-lysinein 25 mM Tris (pH = 8.0), and drying
at 37°C overnight. Mounted sections were stored, desic-
cated, at —70°C until use. Between 6 and 10 series of
sections were collected from each mouse brain.

2.4. Autoradiography: (—)-[®H]nicotine binding

Series of mouse brain sections were incubated in bind-
ing buffer (NaCl, 144 mM; KCl, 1.5 mM; CaCl,, 2 mM;
MgSO,, 1 mM; HEPES, 20 mM; pH = 7.5) at 22°C for 10
min, prior to (—)-[*H]nicotine binding. The samples were
then incubated with 20 nM (—)-[*HInicotine for 1 h at
22°C. An adjacent series of sections from each mouse was
used to determine non-specific (—)-[*HInicotine binding
(in the presence of 1 mM (—)-nicotine bitartrate). The
slides were then washed as follows (all washes at 0°C): 5's
in binding buffer (twice), 5 s in 0.1 X binding buffer
(twice), 5 sin 5 mM HEPES (pH = 7.5), twice.

2.5. Autoradiography: [**°l] a-bungarotoxin binding

A series of sections from each mouse was incubated in
binding buffer +0.1% (w/v) bovine serum abumin at
22°C for 10 min. The samples were then incubated with 2
nM [***1]a-bungarotoxin in binding buffer +0.1% (w /v)
bovine serum albumin for 4 h at 22°C. An adjacent series
of sections from each mouse was used to determine non-
specific [*°1]a-bungarotoxin binding (in the presence of 1
mM (—)-nicotine bitartrate). The slides were then washed
as follows (all washes at 0°C): 10 min in binding buffer
(twice), 5 s in 0.1 X binding buffer (twice), 5 sin 5 mM
HEPES (pH = 7.5), twice.

2.6. Autoradiography: high-affinity [°H]epibatidine bind-
ing

Sections for use in [*H]epibatidine binding were incu-
bated in binding buffer at 22°C for 10 min, followed by
incubation with 500 pM [*Hlepibatidine for 2 h at 22°C.
Three series of adjacent sections were used from each

mouse to measure total [*Hlepibatidine binding (no com-
peting ligand), [*H]epibatidine binding in the presence of
50 nM unlabeled cytisine (cytisine-resistant binding), and
non-specific [*Hepibatidine binding (in the presence of 1
mM unlabeled (—)-nicoting). The concentration of unla-
beled cytisine was chosen on the basis of results obtained
by Marks et al. (1998). Slides were washed by sequential
incubation in the following buffers (all steps at 0°C): 5 sin
binding buffer (twice), 5 sin 0.1 X binding buffer (twice),
and twice for 5 sin 5 mM HEPES (pH = 7.5).

2.7. Autoradiography: image collection

Labeled sections were initially dried with a stream of
air, then by overnight storage (22°C) under vacuum.
Mounted, desiccated sections were apposed to film (4—7
days, Amersham Hyperfilm B-Max film for [*°I]a-
bungarotoxin-labeled sections; 8-12 weeks, Amersham
Hyperfilm-2H for *H-labeled sections). After the films had
been exposed to the sections for an appropriate length of
time, they were developed, the films were illuminated
using a Northern Light light box, and autoradiographic
images of the sections were captured using a CCD imager
camera.

2.8. Membrane preparation

Each mouse (C57BL /6J or wild-type, heterozygous, or
homozygous 3 2-null mutant) was killed by cervical dislo-
cation. The brain was removed from the skull and placed
on an ice-cold platform. The hindbrain, cerebellum and
olfactory bulbs were discarded without further dissection
(““whole-brain’’ preparation). Samples were homogenized
in ice-cold hypotonic buffer (NaCl, 14.4 mM; KCI, 0.2
mM; CaCl,, 0.2 mM; MgSQO,, 0.1 mM; HEPES 2 mM;
pH = 7.5) using a Teflon-glass tissue grinder. The particu-
late fractions were obtained by centrifugation at 20000 X g
(15 min, 4°C; Sorval RC-2B centrifuge). The pellets were
resuspended in fresh homogenization buffer, incubated at
22°C for 10 min, then harvested by centrifugation as
before. Each pellet was washed twice more by resuspen-
sion /centrifugation, then stored (in pellet form under ho-
mogenization buffer) at — 70°C until used. Protein concen-
trations in the membrane preparations were measured ac-
cording to the method of Lowry et al. (1951), using bovine
serum albumin as the standard.

2.9. Ligand binding to membranes

High-affinity [*H]epibatidine binding (at low ligand
concentrations) was quantified as described previously
(Marks et al., 1998). Incubations were performed in 1-ml
polypropylene tubes in a 96-well format, using 200 p.g of
whole-brain membrane protein per tube. A 500-p.I reaction
volume was used to minimize problems of ligand deple-
tion, and al incubations progressed for 2 h at 22°C. The
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concentration of [*H]epibatidine (500 pM) used in inhibi-
tion binding experiments was chosen to maintain binding
of ligand to the tissue at 5% or less of total ligand added.
Cytisine-resistant [*H]epibatidine binding was determined
by including 50 nM cytisine in the incubation conditions.
Non-specific binding was determined in all experiments by
the addition of 1 mM (—)-nicotine. Filter counts were
determined by liquid scintillation counting.

Binding of [*Hlepibatidine at high ligand concentrations
(low plus high-affinity binding) was measured as described
by Marks et al. (1999), using a 100-u.| incubation volume.
Total [*H]epibatidine binding was determined in the pres-
ence of 10 nM [*H]epibatidine at 22°C for 60 min. Non-
specific binding was measured by the inclusion of 1 mM
(—)-nicotine in the incubation. Low-affinity binding was
calculated by subtracting [*Hlepibatidine binding at 500
pM from that measured at 10-nM-labeled ligand, or as the
amount of low-affinity binding inhibited by incubation
with 300 uM dTC.

Total (—)-[*H]nicotine binding to membrane prepara-
tions was performed using the same protocol as for high
concentration (low + high affinity) [*Hlepibatidine bind-
ing, but samples were incubated with (—)-[*H]nicotine (20
nM) at 22°C for 30 min.

2.10. Synaptosome preparation

Mice (C57BL /6J or wild-type, heterozygous, or ho-
mozygous B2-null mutants) were killed by cervical diso-
cation. Brains were removed from the skulls and placed on
an ice-cold platform. For ®*Rb* and [*H]JGABA release
experiments the hindbrain, cerebellum and olfactory bulbs
were discarded without further dissection, resulting in a
““whole-brain”’ tissue sample. Striatal tissue alone was
collected for use in [*H]dopamine release experiments.
Tissue was resuspended in 10 volumes of isotonic sucrose
solution (0.32 M sucrose, 5 MM HEPES, pH = 7.5). Crude
synaptosomal preparations were made by homogenization
in a hand-held glass/PTFE tissue grinder (20 strokes). The
homogenate was centrifuged at 500 X g for 10 min, and
the resulting supernatant was then centrifuged at 12,000 X g
for 20 min to yield the synaptosomal P2 pellet.

2.11. ®®Rb* superfusion protocol (continuous flow moni-
toring, fraction collection)

% Rb* efflux superfusion using continuous flow moni-
toring was performed according to the protocol of Marks
et a. (1999). Synaptosomal P2 pellets were resuspended
into uptake buffer (NaCl, 140 mM; KCl, 1.5 mM; CaCl,,
2 mM; MgSO,, 1 mM; HEPES hemisodium salt 25 mM;
glucose 20 mM; pH = 7.5) and then loaded with *Rb*.
Loading was achieved by incubation with 4 nCi of carrier
free ®Rb* at 22°C for 30 min in a final volume of 35 p.l.

Samples to be used with acetylcholine were incubated
during loading with diisopropylfluorophosphate (10 pu.M),
an irreversible inhibitor of cholinesterase, for the least 10
min of loading. Uptake was terminated and unincorporated
®Rb* removed by filtration of the sample under gentle
vacuum (—0.2 am) onto a 6-mm-diameter glass fiber
filter (Type A /E; Gelman, Ann Arbor, MI), followed by
two washes with 0.5 ml uptake buffer.

Following filtration and wash, glass fiber filters contain-
ing ®Rb* loaded synaptosomes were transferred to
polypropylene superfusion supports. *Rb* perfusion
buffer (NaCl, 135 mM; CsCl, 5 mM; KCl, 1.5 mM;
CaCl,, 2 mM; MgSO,, 1 mM; HEPES hemisodium salt 25
mM; glucose 20 mM; tetrodotoxin 50 nM; bovine serum
albumin (fraction V), 0.1%; pH = 7.5) was delivered to the
filters at the rate of 2.5 ml /min using a peristaltic pump
(Gilson Minpuls 3; Gilson, Middleton, WI). Buffer was
removed from the platforms at using a pump running at a
higher rate (3.2 ml /min), preventing the accumulation of
perfusion buffer on top of the filters. Efflux of ®Rb* from
the samples was achieved by pumping the superfusate
through a 200-p.1 volume flow-through Cherenkov count-
ing cell in a B-RAM radioactivity high-pressure liquid
chromatography detector (IN/US systems, Tampa, FL).
Stimulation of the samples was performed by diverting
perfusion buffer through a 200-.| test loop containing the
test solution by means of a four-way PTFE injection valve
(Alltech associates, Deerfield, IL), producing a stimulation
time of 5 s. DHBE-sensitive ®Rb* efflux was measured
following stimulation with 10 wM (—)-nicotine, while
DHBE-resistant **Rb* efflux was evoked using 10 uM
epibatidine + 2 wM DHBE (present throughout the super-
fusion process where used). When samples were to be
stimulated with acetylcholine or carbachal, the perfusion
buffer was supplemented with atropine (1 wM). Each
synaptosomal sample was stimulated only once, and re-
lease of ®*Rb* from the samples was monitored for a total
of 4 min, with the stimulating pulse arriving at 2 min. This
timing permitted the definition of basal efflux before and
after agonist application.

Where ®Rb* efflux was monitored by fraction collec-
tion, the procedures were identica to those described
above with the following modifications: buffer perfusion
rate was 2 ml /min, buffer was removed using a pump
running at a higher rate (2.5 ml /min), fractions of eluate
were collected every 30 s, and their radioactive contents
were assessed using a Packard Tricarb 1600 gamma
counter.

2.12. [*H] Dopamine superfusion protocol

[*H]Dopamine superfusion was performed using a mod-
ification of the protocol of Grady et al. (1997). The P2
synaptosomal pellet was resuspended into 800 wl of
dopamine perfusion buffer (NaCl, 128 mM; KCl, 2.4 mM;
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CaCl,, 3.2 mM; KH,PO,, 1.2 mM; MgSO,, 1.2 mM;
HEPES hemisodium salt 25 mM; glucose 10 mM; ascorbic
acid, 1 mM; pargyline, 10 uM; pH = 7.5), and incubated
at 37°C for 10 min. [*H]Dopamine was added (4 wCi,
yielding a final concentration of approximately 0.1 wM),
and incubation was continued for a further 5 min. Samples
to be used with acetylcholine were incubated during load-
ing with diisopropylfluorophosphate (10 wM), an irre-
versible inhibitor of cholinesterase. Samples (80 1) were
collected and loading terminated by collection onto 6-
mm-diameter glass fiber filters and washing with superfu-
sion buffer, as for *Rb*-loaded synaptosomes.

Washed filters bearing loaded synaptosomes were trans-
ferred onto 13-mm Gelman type A /E filters on polypropy-
lene platforms, and perfused with buffer (dopamine perfu-
sion buffer supplemented with 10 wM nomifensine and
0.1% w /v bovine serum abumin; atropine (1 uM) was
added when samples were to be stimulated with acetyl-
choline or carbachol) at a rate of 0.6 ml /min for 10 min
before fraction collection was started. Fractions were col-
lected every 30 s, and buffer was actively pumped away
from the platforms at a rate of 1 ml /min. Agonists and
antagonists were added to the perfusion buffer for 30 s
(one fraction).

2.13. [*H] GABA superfusion protocol

[*HIGABA superfusion was performed according to the
protocol of Lu et a. (1998). Synaptosomal P2 pellets were
resuspended into GABA perfusion buffer (NaCl, 128 mM;
KCl, 2.4 mM; CaCl,, 3.2 mM; KH,PO,, 1.2 mM; MgSQO,,
1.2 mM; HEPES hemisodium salt 25 mM; glucose 10
mM; pH = 7.5), then incubated for 10 min at 37°C with 1
mM aminooxyacetic acid (an inhibitor of GABA amino-
transferase), prior to [*HJGABA loading. Loading was
achieved by incubation for a further 10 min at 37°C in the
presence of [*H]JGABA and unlabeled GABA (to final
concentrations of 0.1 and 0.25 .M, respectively). Samples
to be used with acetylcholine were incubated during load-
ing with diisopropylfluorophosphate (10 wM), an irre-
versible inhibitor of cholinesterase. Loading was termi-
nated by collection of samples onto glass fiber filters and
washing with superfusion buffer, as for ®Rb*-loaded
Synaptosomes.

As for [*H]dopamine perfusion experiments, washed
filters bearing [*H]GABA-loaded synaptosomes were
transferred onto 13-mm Gelman type A/E filters on
polypropylene platforms, and perfused with buffer (perfu-
sion buffer supplemented with 0.1% w /v bovine serum
albumin; atropine (1 wM) was added when samples were
to be stimulated with acetylcholine or carbachol). Buffer
was pumped on at arate of 1.8 ml /min for 10 min before
fraction collection was started. Fractions were collected
every 12 s, and buffer was actively pumped away from the
platforms at a rate of 2.4 ml/min. Agonists and antago-

nists were added to the perfusion buffer for 12 s (one
fraction).

2.14. Data analysis

Agonist stimulated ®*Rb*, [*H]dopamine and [*HI]-
GABAE€fflux were determined as follows. The fractions
preceding and following stimulation represent basal re-
lease, and were fit as the first-order process E, = E,e ",
where E, is the efflux at time t, E, is the initial basal
efflux, and k is the rate of decline of efflux. This allowed
calculation of theoretical basal efflux in each fraction.
Agonist stimulated release was then quantified by subtract-
ing theoretical basal release from the number of counts
measured during agonist exposure. For *Rb* efflux, filter
counts were assessed at the end of each experiment, and
®Rb* efflux was normalized as percent of tissue ®Rb*
contents released by agonist exposure. For [*H]dopamine
and [*HIGABA efflux experiments, agonist stimulated re-
lease was normalized as a multiple of theoretical baseline
release.

Dose-response curves were fitted using either the
Michaelis-Menten equation, the Hill equation, or two
Michaelis—Menten equations simultaneously. Curve fitting
was performed using the nonlinear curve fitting algorithm
in SigmaPlot 5.0 (Jandel Scientific, San Rafael, CA).

3. Results

3.1. Autoradiography

The nicotinic ligands (—)-[*HInicotine, [*H]epibatidine,
and [**°1]a-bungarotoxin exhibited considerable variation
in their binding patterns at the levels of the superior and
inferior colliculi, as illustrated in Fig. 1. (—)-[*H]Nicotine
binding was widespread at the level of the superior collicu-
lus in wild-type animals. Particularly high densities of
(—)-[*HInicotine binding were seen in the whole of the
interpeduncular nucleus, and the superior colliculus. The
thalamus and some layers of the cortex were also relatively
densely labeled. The pattern of [*Hlepibatidine binding
closely resembled that of (—)-[*Hlnicotine binding, but
binding densities in the superficial layers of the superior
colliculus and in the interpeduncular nucleus were much
greater, making [*H]epibatidine binding in the rest of the
section appear fainter by comparison. Cytisine-resistant
[3H]epibatidine binding at this level of the brain was
restricted to the interpeduncular nucleus and the superficial
layers of the superior colliculus, the regions that differed
between the (—)-[*H]nicotine and [*H]epibatidine binding
patterns. In contrast, the highest levels of [*°1]a-
bungarotoxin binding were seen in the outer shell of the
interpeduncular nucleus, the superficial layers of the supe-
rior colliculus, the subiculum, and the red nucleus.
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Fig. 1. Autoradiographic representation of (—)-[*H]nicotine, [**°I]a-bungarotoxin, and [*H]epibatidine (total, and with 50 nM cytisine) binding in
wild-type and B2 nicotinic acetylcholine receptor subunit-null mouse brain. Sections (14 wm) were collected at the level of the superior and inferior
colliculi, then incubated with 20 nM (—)-[*H]nicotine (top row), 2 nM [lzsl]a-bungarotoxin (second row), 500 pM [3H]epibatidine alone (third row), or
500 pM [*Hlepibatidine + 50 nM cytisine (last row) as described in the Methods section. The panels are digital images of autoradiograms. The
abbreviations used to identify brain regions are: Cx, cortex; DTN, dorsal tegmenta nucleus; ICCN, inferior colliculus (central nucleus); ICDC, inferior
colliculus (dorsal cortex); ICEC, inferior colliculus (external cortex); IPN, interpeduncular nucleus; IPNC, interpeduncular nucleus (caudal nucleus); PN,
pontine nuclel; RN, red nucleus; SC, superior colliculus; Sub, subiculum; Thal, thalamus.

At the level of the inferior colliculus, (—)-[*H]nicotine
binding was largely restricted to the external cortex of the
inferior colliculus, the pontine nuclei, and to the area
surrounding the dorsal tegmental area, while [*°l]a-
bungarotoxin labeling was particularly intense in the cen-
tral nucleus and dorsal cortex of the inferior colliculus, and
in the dorsal tegmental nucleus itself. At the level of the
superior colliculus, [*H]epibatidine binding was similar to
that of (—)-[*Hlnicotine, but with a striking increase in
binding in the dorsa cortex compared to the rest of the
inferior colliculus. In these sections, cytisine-resistant
[3H]epi batidine binding was almost exclusively located in
the dorsal cortex of the inferior colliculus.

Deletion of the nicotinic acetylcholine receptor 32 sub-
unit had a dramatic effect on the expression of (—)-
[*H]nicotine binding, eiminating it in all regions studied,
apart from the caudal subnucleus of the interpeduncular
nucleus (where binding was greatly reduced). In contrast,
B2 subunit deletion had no discernable effect on [**°1]

a-bungarotoxin binding. Overall levels of [*H]epibatidine
binding were greatly reduced by B2 subunit deletion, but
binding remained in the interpeduncular nucleus, centra
nucleus and dorsal cortex of the inferior colliculus, and a
small subset of the pontine nuclei. Cytisine-resistant
[*H]epibatidine binding in the interpeduncular nucleus was
unaffected by loss of B2 subunit expression, which also
had little effect on cytisine-resistant [*H]epibatidine bind-
ing in the inferior colliculus. In contrast, cytisine-resistant
[*H]epibatidine binding in the superficia layers of the
superior colliculus and pontine nuclei was diminated in
the absence of the B2 subunit.

3.2. Membrane binding: low and high [*H]epibatidine
concentrations

As shown by Marks et al. (1999), [*H]epibatidine binds
to two classes of nicotinic sites: those with K, values in
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the picomolar range, and those with nanomolar affinity for
the ligand. The effects of B2 genotype on both sets of
binding sites are illustrated in Fig. 2.

As shown in Fig. 2 (top row), cytisine inhibited [*H]epi-
batidine binding to mouse whole-brain membrane prepara-
tions in a biphasic manner. Labeling with 500 pM [*H]epi-
batidine saturated the high-affinity binding sites, of which
approximately 15-20% were cytisine-resistant (Marks et
al., 1999). As predicted by the autoradiography experi-
ments, loss of the B2 nicotinic acetylcholine receptor
subunit reduced the number of whole-brain high-affinity
[*H]epibatidine binding sites by approximately 95%. In
B2-heterozygous animals, high-affinity [*Hlepibatidine
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binding sites were reduced by approximately 50%, demon-
strating a clear gene dosage effect. Cytisine-resistant
[*H]epibatidine binding sites (defined in the presence of 50
nM cytisine) were proportionately less affected by loss of
B2 gene expression: heterozygous B2-null mutants re-
tained approximately 75% of wild-type cytisine-resistant
[*H]epibatidine binding, while homozygous B2-null mu-
tants expressed 5 fmol /mg protein of cytisine-resistant
[*H]epibatidine binding, or approximately 25% of that seen
in wild-type animals. Whole-brain cytisine-sensitive
[*H]epibatidine binding (corresponding to (—)-[*H]nico-
tine binding sites; Marks et al., 1998) fell to undetectable
levels in the absence of B2 subunit expression. Thus, al
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Fig. 2. [*H]Epibatidine binding at low (500 pM) and high (10 nM) ligand concentrations: effect of 32 genotype. [*H]Epibatidine binding to whole brain
mouse particulate fractions was measured as described in the Methods section. The top left panel represents inhibition of [3H]epibatidine binding by
cytisine at low- (O) and high- (0O) labeled ligand concentrations, while the bottom left panel displays inhibition by p-tubocurarine at the same labeled
ligand concentrations. The lines represent two site Michaelis—-Menten fits to the data. The inset panels show the difference in [3H]epiba1idi ne binding
inhibition observed between assays using high and low concentrations, and represent calculated inhibition profiles for low-affinity [3H]epi batidine binding.
The remaining panels in the upper row show the effects of 32 genotype on total high-affinity [3H]epi batidine binding, cytisine resistant high-affinity
[*H]epibatidine binding, and cytisine sensitive high-affinity [*Hlepibatidine binding. The remaining panels in the bottom row illustrate the effect of B2
genotype on total (Iow + high affinity) [*H]epibatidine binding at 10 nM Ilabeled ligand, binding of 10 nM [*H]epibatidine+ 300 wM b-tubocurarine
(high-affinity [*H]epibatidine binding only), and p-tubocurarine (300 wM) sensitive binding of 10 nM [*H]epibatidine (high-affinity [*Hlepibatidine
binding only). Each bar represents the mean + SEM of at least four independent determinations.
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whole-brain [*Hlepibatidine binding detectable in homozy-
gous B2-null mice was cytisine resistant.

As shown in Fig. 2 (left column, insets), low-affinity
[®Hlepibatidine binding sites (defined as the difference
between sites detected using 500 pM and 10 nM [*H]epi-
batidine; Marks et al., 1999) comprised approximately 50
fmol /mg protein in wild-type animals. Agan, most
[*H]epibatidine binding at 10 nM ligand was dependent on
B2 subunit expression: in the absence of B2 subunit
expression, only 20 fmol /mg protein of sites were re-
tained, from a wild-type population of 150 fmol /mg pro-
tein. Heterozygous B 2-null mutants retained an intermedi-
ate amount of [*Hlepibatidine binding. High-affinity
[*H]epibatidine binding sites defined using 10 nM [*H]epi-
batidine in the presence of 300 wM dTC (Marks et al.,
1999) were indistinguishable from those defined with 500
pM [*Hlepibatidine. Low-affinity [*H]epibatidine binding
sites were considerably less sensitive to 32 genotype than

high-affinity sites, with approximately 40% being retained
in homozygous B2-null mutant animals. Again, a clear
gene dosage effect was seen: heterozygous B 2-null mutant
animals expressed an intermediate density of low-affinity
[*H]epibatidine binding sites.

3.3. Synaptosomal efflux assays: inter-assay comparisons

In order to compare the pharmacological properties of
the various nicotinic acetylcholine receptor activation as-
says developed in this laboratory, the ECg, and maximum
efflux (E,,) values for a core group of nine nicotinic
receptor agonists (acetylcholing, anatoxin-a, carbamyl-
choline, cytising, epibatidine, methylcarbamylcholine,
(—)-nicotine, (+)-nicotine, and tetramethylammonium)
were determined in each assay. In some cases, other
agonists were also assessed.

_ 1ot — T T T 1 10? 102 — T T T 1

s

= —_

X g 10 1 %

£ S e 1or

b P @

) = g

& $ 100 1 & 10°f

-~ 14 /]

G < £

% g g

7 s 101 4 & 10}

© T Q

w T T

g (_)g 2 T -2

a g 10 1 & 10 -
2 w

& L4 r=0.71 r=095 ° r=0.83
100 [ R R 103 ! [ T 10° [ T R B

103 102 10 10° 10' 102 10°
EC,, DHRE Sensitive **Rb" Efflux (uM)

10® 102 10" 10° 10' 102 10°
EC,, DHRE Sensitive *Rb* Efflux (uM)

10® 102 10" 10° 10' 102 103
EC,, DHRE Sensitive *Rb" Efflux (uM)

102 10 T | T 102 T | 1 1
_ s ° s
£ 10} 2 10"+ o4 = 10
e 0 Py
o @ L @
: £ :
< 10°F z 100 | ° e 1 x 100
4 0 ©
< £ ° £
: : :
0] 101 | 2 101 - ° T 2 10
I = 8
b Z <
g 1020 . g 102 1 & 102
] & Q
r=0.70 L] r=0.90 [ ] r=0.87
103 | | 1 103 | | | 103 | | | |
100 10! 102 103 104 100 10! 102 103 104 10° 102 10" 10° 10" 102

ECj, DHRE Resistant **Rb* Efflux (uM)

EC,, DHRE Resistant **Rb* Efflux (uM)

EC,, ["HIGABA Release (1M)

Fig. 3. Comparisons of agonist potencies in synaptosomal Ro*-, [*H]dopamine-, and [*H]GABA-fflux assays. ECs, vaues were determined for a panel
of nicotinic receptor agonists in the continuous flow monitoring 8 Rb*-efflux, [3H]dopami ne-, and [°H]GABA-release synaptosomal nicotinic acetylcholine
receptor activation assays, as described in the Materials and Methods section. Points represent the means of at least three independent determinations, error

bars were omitted for clarity.



P. Whiteaker et al. / European Journal of Pharmacology 393 (2000) 123-135

Pairwise comparisons of agonist potency are shown in
Fig. 3. Dramatic differences in relative agonist potency
between assays were not observed, as shown by the statis-
tically significant correlationsin ECg, values (the lowest r
value measured was 0.70, the highest was 0.95, between
the [*H]GABA and DHBE-resistant *Rb* efflux and the
[*HIGABA and DHBE-sensitive ®Rb* efflux assays, re-
spectively). However, EC, values at the DH@ E-resistant
response were typicaly two orders of magnitude higher
than those measured in the other assays.

Larger differences were noted between assays in com-
parisons of relative agonist efficacies, as shown in Fig. 4.
Agonist efficacies in [PHJGABA and DHPE-sensitive
®Rb* efflux assays were highly correlated (r = 0.91),
echoing the high correlation in agonist potencies between
these two measures of nicotinic acetylcholine receptor
activation. Each of the other pairs of assays showed notice-
ably lower correlation between agonist efficacies than
were noted for agonist potencies, with the poorest match of
agonist potencies observed between the [*H]dopamine and
DHBE-resistant ®*Rb* efflux assays (r = 0.12).
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3.4. Synaptosomal efflux assays. effect of B2 genotype

The effects of 32 genotype on each of the nicotinic
acetylcholine receptor activation assays were studied, and
the results are summarized in Fig. 5. Previous work identi-
fied the standard (fraction collecting) synaptosomal *Rb*
efflux response as being mediated by nicotinic acetyl-
choline receptors of the a4f2 subtype (Marks et al.,
1996). As might be expected, loss of B2 subunit expres-
sion resulted in loss of standard *Rb* efflux stimulated
by 10 wM (—)-nicotine (1.55 + 0.16% of tissue contents
in wild type animals, 0.13 + 0.03% in homozygous 3 2-null
mutants). Although some loss of response was seen in
heterozygous B 2-null mutants, the majority of the response
was retained (1.15 + 0.06% of tissue contents, or 74% of
wild-type activity). In contrast, the effect of B2 genotype
on (—)-[*H]nicotine bindi ng, which measures o432 nico-
tinic acetylcholine receptor density, was more noticeable in
heterozygous B2-null mutant animals than in the func-
tional assay: whole-brain binding dropped to 24.4 + 0.8
fmol /mg protein, or 55% of wild-type levels of 44.4 + 7.0

- N
[¢)] o

Maximal [°’H]GABA Release
o

Maximal [°H]Dopamine Release

Maximal DHRE Resistant **Rb* efflux

0.5
1} ® i
r=0.91 r=0.47
00 1 1 1 o 1 1 1
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Maximal DHBE Sensitive *°Rb" efflux  Maximal DHRE Sensitive ®Rb* efflux  Maximal DHRE Sensitive **Rb" efflux
20 T T T T T @ 6 T T T T , e 6 ; ; |
[}] © ©
8 o ) K
o e S5 4 ©
x g 4L 1 2
a E o & E
g s a
2 e 3 \ o
I =] ° =)
< Tl d 11X
5 o s
§ © o ©
5 E1 e 4 E
= r=059| = r=012| & r=053
0.0 L I I ! I =9 L L I L ] =0 L ' L
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0.0 0.5 1.0 1.5 2.0

Maximal DHRE Resistant **Rb"* efflux

Maximal DHRE Resistant **Rb* efflux

Maximal [’H]JGABA Release
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determinations, error bars were omitted for clarity.
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Fig. 5. Comparison of the effects of 32 nicotinic acetylcholine receptor subunit-null mutation on agonist induced synaptosomal ®Rp*, [3H]dopamine, and
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the means + SEM of at least three independent determinations.

fmol /mg protein. Whole-brain (—)-[*Hlnicotine binding
was undetectable in homozygous B2-null mutants. The
effects of 32-null mutation on each of the other functional
responses were qualitatively similar to those measured on
the standard **Rb* efflux response, with almost complete
elimination of nicotinic acetylcholine receptor mediated
function in the homozygous B2-null mutants, and > 50%
retention of function in the heterozygotes.

4, Discussion

The assays described in this study represent the results
of an effort to develop and characterize a variety of
nicotinic acetylcholine receptor-mediated binding and
functional measures. The main motivation for this effort
was to attempt to detect differences among the assays,
pointing to underlying nicotinic acetylcholine receptor di-
versity. Success in this endeavor would be an important
step towards identifying the expression and physiological

roles of the potentially wide variety of mammalian neu-
ronal nicotinic acetylcholine receptor subtypes.

In the autoradiography experiments, the pattern of
['**1]a-bungarotoxin (2 nM) binding was distinctively dif-
ferent from that of [*H]epibatidine and (—)-[*H]nicotine.
This fits with the consensus that [**°I1a-bungarotoxin bind-
ing sites in mammalian brain differ from high-affinity
agonist binding sites (Clarke et d., 1985; Pauly et al.,
1989), and largely or entirely correspond to a single class
of a7 containing nicotinic acetylcholine receptors. The
lack of effect of B2 genotype on [**°Ila-bungarotoxin
binding reinforces this identification. In contrast, (—)-
[*H]nicotine (20 nM) binding was heavily dependent upon
the expression of the B2 nicotinic acetylcholine receptor
subunit, as would be expected for a population thought to
be amost exclusively composed of «4B2 subtype nico-
tinic acetylcholine receptors. A small population of high-
affinity (—)-[*Hlnicotine binding sites was retained in the
caudal nucleus of the interpeduncular nucleus in B2-null
homozygous animals. This confirms the findings of Zoli et
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al. (1998) and demonstrates that non-f2-containing nico-
tinic acetylcholine receptors can bind (—)-[*H]nicotine
with detectable affinity. As shown in Fig. 5, this novel
population, while potentially important in the interpedun-
cular nucleus, represents a vanishingly small portion of the
whole-brain (—)-[*H]nicotine binding population.

Previous workers demonstrated that the majority of
high-affinity [*H]epibatidine binding occurs a (—)-
[*H]nicotine bindi ng, o4 2 nicatinic acetylcholine recep-
tors (Perry and Kellar, 1995; Marks et al., 1998). In
addition to (—)-[*H]nicotine binding sites, these workers
also showed that [*H]epibatidine binds with high affinity to
a second population of nicotinic acetylcholine receptors,
distinguished by a relatively low affinity for the nicotinic
receptor agonist cytisine. As illustrated in Fig. 1, the
differences in binding between (—)-[*Hlnicotine and
[*H]epibatidine can be explained by the presence of addi-
tional, cytisine-resistant [*H]epibatidine binding sites. In
agreement with Marks et al. (1998), the majority of high-
affinity [*Hlepibatidine binding was abolished in animals
lacking the B2 nicotinic acetylcholine receptor subunit.
However, even in homozygous B2-null mutant animals, a
small amount of high-affinity [*Hlepibatidine binding was
detectable (Fig. 1). As shown in Fig. 1, some cytisine-re-
sistant [*H]epibatidine binding sites are retained in ho-
mozygous B2-null mutant mice. As noted by Marks et al.
(1998), the pattern of cytisine-resistant [*Hlepibatidine
binding site expression largely coincides with that of the
a3 nicotinic acetylcholine receptor subunit mRNA, sug-
gesting a role for this subunit in the cytisine-resistant
[*Hlepibatidine binding sites. This hypothesis is supported
by evidence from Parker et a. (1998) and Xiao et al.
(1998), who show that heterologously expressed o 3-con-
taining nicotinic acetylcholine receptors have relatively
low affinities for cytisine, but bind [*H]epibatidine with
high-affinity. Membrane binding experiments (Fig. 2) show
that [*H]epibatidine binding in homozygous B2-null mu-
tant mice is exclusively cytisine-resistant. While cytisine-
resistant [*H]epibatidine binding sites in the interpeduncu-
lar nucleus and inferior colliculus are retained in the
absence of B2 subunit expression, cytisine-resistant sites
in the superficial layers of superior colliulus are lost in
mice that do not express the B2 subunit. In homozygous
B2-null mice, cytisine-resistant [*H]epibatidine binding was
found in regions expressing high levels of the B4 nicotinic
acetylcholine receptor subunit (Dinelly-Miller and Patrick,
1992). Thus, it is possible that, in mouse brain, o 3 and B4
subunits may combine to form cytisine-resistant [*Hlepi-
batidine binding nicotinic acetylcholine receptors.

In addition to labeling a variety of nicotinic acetyl-
choline receptor subtypes at low concentrations (500 pM),
[*H]epibatidine binds to lower affinity sites when used at
concentrations (10 nM) similar to those employed for other
ligands. As detailed in Fig. 2, these low-affinity sites are
distinguished by a relatively high sensitivity to the antago-
nist b-tubocurarine. This identification is reinforced by the

extremely close match between the amounts of high-affin-
ity [*H]epibatidine binding sites, and those detected using
10 nM [*H]epibatidine + 300 wM b-tubocurarine (Fig. 2,
Table 1). In asimilar manner to their high-affinity counter-
parts, low-affinity [*Hlepibatidine binding sites may be
divided into two groups, those that are lost in the absence
of B2 subunit expression, and those that are retained. The
identity of these low-affinity [*H]epibatidine binding sites
is not known, although it is possible that the 32 subunit-in-
dependent sites may correspond to o7 nicotinic acetyl-
choline receptors, which have a nanomolar affinity for
[*H]epibatidine (Gerzanich et al., 1995).

Thus, autoradiography and membrane binding studies
demonstrate the existence of at least six nicotinic acetyl-
choline receptor subtypes: (1) [**°I]a-bungarotoxin bind-
ing, a7 containing nicotinic acetylcholine receptors; (2 and
3) high-affinity (—)-[*HInicotine binding sites dependent
on, or independent of, 32 subunit expression; (4 and 5) 32
subunit-dependent and -independent cytisine-resistant
[*H]epibatidine binding sites; and (6) low-affinity [*Hlepi-
batidine binding sites that require B2 expression. In addi-
tion, if low-affinity [*H]epibatidine binding sites, which
are independent of B2 expression are not composed of o7
containing nicotinic acetylcholine receptors (see preceding
paragraph), these may represent a seventh pharmacol ogical
subtype. The ligand binding studies illustrate an important
point: the majority of the novel nicotinic acetylcholine
receptor subtypes are concentrated in small, dispersed
brain nuclei. Consequently, attempts to characterize these
sites will be greatly assisted by concentrating on individual
nuclel, rather than using whole-brain preparations. Further,
subunit-null mutant mice may prove very useful in such
attempts, by eliminating expression of nicotinic acetyl-
choline receptor subtypes (for instance, the a4p2), which
mask the presence of the novel receptors.

As for the results of binding assay comparisons, activa-
tion pharmacologies vary between the synaptosomal re-
lease assays. Marks et al. (1999) demonstrated striking
similarities between the properties of the standard (fraction
collecting) ®Rb* efflux assay, and the DHBE-sensitive
continuous flow ®Rb* efflux response, indicating that
both were probably measures of activation at the same
a 4B 2-subtype nicotinic acetylcholine receptor. This identi-
fication is reinforced by the abalition of both responses in
B2-null homozygotes (Fig. 5). Interestingly, although (—)-
[*H]nicotine binding at 4P 2-subtype nicotinic acetyl-
choline receptors is approximately halved in 2-null het-
erozygotes (Fig. 5), the effect on function in each of the
assays is much less dramatic. This suggests that either a
degree of functional compensation occurs in the heterozy-
gous B2-null animals, whereby the remaining receptors are
more functionally efficient, or wild-type animals express a
substantial population of ‘spare’, or unused receptors.

As indicated by the high correlations in pairwise com-
parisons, no dramatic differences were observed in rank
order of potency between functional assays, athough it
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should be noted that the absolute EC, values of drugs for
DHBE-resistant ®Rb* efflux were approximately 100-fold
higher than for the other responses, indicating mediation
by a different nicotinic acetylcholine receptor population.
When agonist efficacies are considered, however, differ-
ences between the assays become much more apparent.
For instance, the agonist potencies between the
[*H]dopamine release and DHRE-resistant *®*Rb*  efflux
assays are highly correlated (r = 0.90), but when agonist
efficacies are compared between assays this similarity
disappears (r = 0.12). Only one pair of assays retained a
high correlation between agonist potencies and efficacies
(r =0.95 and 0.91, respectively): [*HIGABA release and
DHRE-sensitive ®Rb* efflux. Together with the ex-
tremely similar absolute drug EC, values between the two
assays, this is strong evidence that whole-brain synaptoso-
mal [*HIGABA release is also mediated by 42 nicotinic
acetylcholine receptors. Consequently, «4B2 nicotinic
acetylcholine receptors may be assigned responsibility for
at least the majority of nicotinically mediated [*HIGABA
release, and standard and DH 3 E-sensitive continuous flow
®Rb*  efflux responses in whole-brain synaptosomal
preparations. Conversely, [*H]dopamine release and
DHBE-resistant **Rb* efflux are presumably evoked
through another two, distinct nicotinic acetylcholine recep-
tor subtypes. These additional nicotinic acetylcholine re-
ceptor subtypes are also dependent on expression of the 2
nicotinic acetylcholine receptor subunit. The results pre-
sented here show that the approach of comparing phar-
macological properties across functional assays can be
highly successful in illuminating underlying nicotinic
acetylcholine receptor diversity. However, it is important
to note that the common practice of comparing agonist
potencies is relatively ineffectual in this regard. Given the
generaly poor subtype selectivity of existing nicotinic
compounds, the full potential of this approach is only
realized when other assay parameters (such as absolute
potencies, and especialy agonist efficacies) are considered
simultaneously.

In conclusion, the studies described here have provided
evidence for a wealth of pharmacologically distinct nico-
tinic acetylcholine receptor subtypes, responsible for both
nicotinic activation and binding in mammalian brain. Some
progress has been made in assigning particular measures to
individual nicotinic acetylcholine receptor subtypes, but
much work remains to be done in this regard. As the
preliminary findings presented here for B2-null mutant
mice demonstrate, the growing number of nicotinic acetyl-
choline receptor subunit mutants becoming available will
provide invaluable assistance, as will the existence of a
battery of reliable, pharmacologically distinct nicotinic
assays. Interestingly, the g2-null mutant mice have so far
proven to be of more use in discriminating between the
nicotinic binding sites than the functional assays character-
ized to date (all of which are abolished by B2 subunit
deletion). However, the ligand binding results indicate that

individual brain nuclei may prove to be rich sources of
novel nicotinic acetylcholine receptor subtypes, and would
make excellent candidates for study using both ligand
binding and functional approaches.
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