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Abstract
Nine nicotinic receptor subunits are expressed in the central nervous system indicating that a
variety of nicotinic acetylcholine receptors (nAChR) may be assembled. A useful method with
which to identify putative nAChR is radioligand binding. In the current study the binding of
[125I]α-bungarotoxin, [125I]α-conotoxinMII, 5[125I]-3-((2S)-azetidinylmethoxy)pyridine
(A-85380), and [125I]epibatidine has been measured autoradiographically to provide data on many
nAChR binding sites. Each binding sites was evaluated semiquantitatively for samples prepared
from wild-type and α2, α4, α6, α7, β2, β4, α5 and β3 null mutant mice. Deletion of the α7 subunit
completely and selectively eliminated [125I]α-bungarotoxin binding. The binding of
[125I]αConotoxinMII was eliminated in most brain regions by deletion of either the α6 or β2
subunit and is reduced by deletion of either the α4 or β3 subunit. The binding of 5[125I]A-85380
was completely eliminated by deletion of the β2 subunit and significantly reduced by deletion of
the α4 subunit. Most, but not all, α4-independent sites require expression of the α6 subunit. The
effect of gene deletion on total [125I]epibatidine binding was very similar to that on [125I]A-85380
binding. [125I]Epibatidine also labels β4* nAChR, which was readily apparent for incubations
conducted in the presence of 100 nM cytisine. The effects of α3 gene deletion could not be
evaluated, but persistence of residual sites implies the expression of α3* nAChR. Taken together
these results confirm and extend previously published evaluations of the effect of nAChR gene
deletion and help to define the nAChR subtypes measurable by ligand binding.
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1. Introduction
1.1. Historical Ligands

Nicotinic acetylcholine receptors (nAChRs) in brain have been studied using ligand binding
assays for many years. Early studies of [125I]-α-bungarotoxin (αBgt) [1] and [3H]-nicotine
[2] binding to rat brain membrane provided some of the first evidence that nAChRs might be
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expressed in brain. Subsequently. the demonstration that αBgt and nicotine binding sites had
different anatomical distributions [3] and biochemical properties [4] provided the first
evidence that more than one putative nAChR subtype is expressed in brain. When the nine
nAChR subunit genes expressed in mammalian brain (α2–α7, β2–β4) were cloned and
sequenced nearly 20 years ago, the number of potential subtypes expanded dramatically [5–
6]. Much of the recent research has attempted to identify the subunit compositions of those
nAChR subtypes that are actually expressed (i.e. native receptors) in brain as well as other
tissues [7].

1.2. Epibatidine
Although [125I]αBgt and [3H]nicotine (as well as [3H]acetylcholine [8], [3H]cytisine [9] and
[3H]methylcarbachol [10]) have been useful in identifying and characterizing putative
nAChR binding sites in brain, these ligands do not label a wide array of binding sites. This
deficiency was overcome with the discovery and characterization of epibatidine [11].
Epibatidine binds with extraordinarily high affinity to rat brain membranes [11–13].
Saturation binding and differential inhibition studies in rat brain [13–14] and inhibition
experiments in mouse brain [15–16] demonstrated that epibatidine binds to multiple nAChR
subtypes. Furthermore, epibatidine potently activates α3β2, α3β4, α4β2, α7, and α8 nAChRs
expressed in Xenopus laevis oocytes [17]. Epibatidine also binds with very high affinity to
heteromeric receptors expressed in Xenopus oocytes [18] and HEK cells [19].

1.3. αConotoxinMII
The ability to measure other nAChR subtypes was expanded by the discovery and initial
characterization of αConotoxinMII (αCtxMII) [20] and the demonstration that this ligand
labels an unique population of nAChR binding sites in mouse brain that is concentrated in
catecholaminergic cells and their terminals and in visual pathways [21–22]. This distribution
represents a subset of epibatidine binding sites that can also be visualized as a subset of the
sites observed when epibatidine binding is conducted in the presence of a low concentration
of cytisine (50 nM) [22].

1.4. A-85380
As part of the nicotinic research program at Abbott Laboratories a potent, high-affinity
ligand 3-((2S)-azetidinylmethoxy)pyridine (A-85380) has been developed [23].
Radiolabeled 5-125I-A-85380 labels β2* nAChR selectively [24] and its analogs are
extremely useful ligands for positron emission tomography [25–26].

1.5. Knockout Mice
Nicotinic receptor knockout mice have proven to be valuable tools to identify native nAChR
expression and function [27–29]. Knockout mice have used to define populations of ligand
sites that identify natively expressed nAChR subtypes [22, 30–48]. The results described in
this study have extended the information by examining the effect of nAChR subunit gene
deletion on the binding of [125I]epibatidine, [125I]A-85380, [125I]αCtxMII and [125I]αBgt in
order to provide a comprehensive overview of the expression of native nAChR in mouse
brain. Although some compensation is likely to occur following deletion of a nAChR
subunit, current evidence indicates that no nAChR subtypes that are not normally present are
expressed following deletion of major nAChR subunits such as α3 [49], α4 [30, 46, 50], α6
[22, 51–53], α7 [33, 44], β2 [32, 39, 42, 44–45, 54] and β4 [44, 54]. However, deletion of
the auxiliary subunits α5 [51, 55–56] or β3 [51, 55] appears to change the relative ratio of
nAChR that mediated synaptosomal dopamine release with differential sensitivity to
inhibition by αCtxMII.
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2. Materials and Methods
2.1. Materials

The radioligands [125I]epibatidine (specific activity 2200 Ci/mmol), 5[125I]-A-85380 (2200
Ci/mmol) and [125I]α bungatotoxin (αBgt) (250 mCi/mmol) and Kodak MR film were
obtained from Perkin-Elmer New England Nuclear, Shelton, CT. αConotoxinMII (αCtxMII)
and [125I]αCtx MII (2200 Ci/mmol) were prepared as described previously ([20–21],
respectively) were obtained from J. Michael McIntosh, University of Utah, Salt Lake City,
UT. Unlabeled I-epibatidine was a gift from Kenneth Kellar, Georgetown University,
Washington, DC. Unlabeled 5I-A-85380 was purchased from Tocris Bioscience, Ellisville,
MO. HEPES (free acid and Na salt) are products of BDH and were purchased from VWR,
Chester, PA. The following chemicals were purchased from Sigma Chemical Co., St. Louis,
MO: 2-methylbutane, NaCl, KCl, CaCl2, MgSO4, bovine serum albumin, leupeptin,
pepstatin, aprotinin, EDTA, EGTA, and phenylmethylsulfonyl fluoride (PMSF). M-1
Embedding Matrix was purchased from Anatomical Pathology USA, Pittsburgh, PA.
Superfrost Plus Microscope Slides were obtained from Fisher Scientific, Fair Lawn, NJ.

2.2. Mice
All procedures involving mice were reviewed and approved by the Animal Care and
Utilization Committee of the University of Colorado, Boulder. Mice were bred in the
Specific Pathogen Free Colony at the Institute for Behavioral Genetics, University of
Colorado, Boulder weaned at 25 days of age and housed with like-sexed littermates.
Animals were maintained on a 12 hr light/12 hr dark cycle (lights on 7 AM-7 PM) and
allowed free access to food and water. The following nicotinic knockout mice were used in
this study: α2 [57]; α4 [50]; α6 [22]; α7 [33]; β2 [32]; β4 [54]; α5 [36] and β3 [35]. Mice
differing in nAChR genotype were derived by mating heterozygotes that had been
backcrossed to C57BL/6J for at least 10 generations. Tail clippings were obtained from mice
about 40 days of age and genotype determined as described previously [51].

2.3. Autoradiography
Mice were sacrificed by cervical dislocation, the brains rapidly removed and quickly frozen
by immersion in isopentane (−35°C). Brains were stored at −70°C until sectioning. Brains
were sectioned (14 micron thickness) using an IEC or Leica cryostat. Sections were thaw
mounted on Fisher Superfrost Plus microscope slides. Slides containing the sections were
stored at −70°C until use. For all binding conditions samples were removed from the −70°C
freezer and warmed to room temperature under vacuum in a desiccator. After warming the
slides were distributed to plastic holders modified to contain 50 slides.

The binding of 6-[125I] epibatidine was conducted as follows [58]. Samples were incubated
in binding buffer (NaCl, 140 mM; KCl, 1.5 mM; CaCl2, 2 mM; MgSO4, 1 mM; bovine
serum albumin, 1 g/L; HEPES buffer, pH=7.5, 25 mM) containing 500 nM [125I]epibatidine
with a final specific activity of 110 Ci/mmol (attained by diluting the commercial
[125I]epibatidine (2200 Ci/mmol) with unlabeled 6I-epibatidine) for 2 hr at 22°. Three
different incubation conditions were used. The first condition measured total
[125I]epibatidine binding and contained no further additions to the buffer. The second
condition included 100 nM cytisine. The third condition included 100 nM cytisine and 100
nM α-conotoxin MII. Following the incubation, the slides were washed by immersion in ice-
cold protein free binding buffer (2x 30 sec), ice cold 0.1 × protein-free binding buffer (2× 10
sec) and ice-cold 5 mM HEPES, pH 7.5 (2x 5 sec each). Samples were then dried under a
gentle stream of air and desiccated overnight before exposure to Kodak MR film for 17
days.

Baddick and Marks Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The binding of [125I]A-85380 was conducted as follows [59]. Samples were incubated in
binding buffer containing 200 pM [125I]A-85380 with a final specific activity of 110 Ci/
mmol (attained by diluting the commercial [125I]A-85380 (2200 Ci/mmol with unlabeled 5I-
A-85380) for 2 hr at 22°. Following the incubation, the slides were washed by immersion in
ice-cold protein free binding buffer (2x 30 sec), ice cold 0.1 × protein-free binding buffer
(2× 10 sec) and ice-cold 5 mM HEPES, pH 7.5 (2×5 sec each). Samples were then dried
under a gentle stream of air and desiccated overnight before exposure to Kodak MR film for
17 days.

The binding of [125I]α-CtxMII was conducted as follows [21]. Samples were incubated for
10 min in binding buffer without BSA but including 1 mM PMSF for 10 min. Samples were
then incubated with 0.5 nM [125I]αCtxMII in binding buffer that also contained 5 mM
EDTA and 5 mM EGTA as well as leupeptin, pepstatin and aprotinin (each 10 μg/ml) for 2
hr at 22°. Following the incubation, samples were incubated twice for 15 min at 22° in
binding buffer. Subsequently, the slides were washed by immersion in ice-cold protein free
binding buffer (2×30 sec), ice cold 0.1 × protein-free binding buffer (2×10 sec) and ice-cold
5 mM HEPES, pH 7.5 (2×5 sec each). Samples were then dried under a gentle stream of air
and desiccated overnight before exposure to Kodak MR film for 5 days.

The binding of [125I]αBgt was conducted as follows [60]. Samples were incubated with 0.25
nM [125I]αBgt in binding buffer for 2 hr at 22°. Following the incubation, samples were
incubated twice for 30 min at 22°in binding buffer. Subsequently, the slides were washed by
immersion in ice-cold protein free binding buffer (2×30 sec), ice cold 0.1 × protein-free
binding buffer (2x 10 sec) and ice-cold 5 mM HEPES, pH 7.5 (2×5 sec each). Samples were
then dried under a gentle stream of air and desiccated overnight before exposure to Kodak
MR film for 5 days.

2.4. Photography
Films were placed on a Northern Light Precision Illuminator set to full intensity and images
were captured using a Nikon D40 camera equipped with a 60 mm microimaging extension
lens. Ambient light was kept constant. Subsequently images were transferred to Photoshop
for further processing.

2.5 Estimate of Signal Intensity
Visual assessment was used to obtain semiquantitative estimates of signal intensity. Relative
binding among regions was determined and graded as follows: ■■■■, highest labeling; ■■■,
substantial labeling; ■■, modest labeling; ■, weak labeling; □, no significant labeling. The
effect of gene deletion for each brain region relative to that of wild-type mice was graded as
follows: ++++, 75–100% of maximum (virtually no effect); +++, 50–75%; ++, 25–50%; +,
<25%; and −, no detectable signal remaining.

3. Results
3.1. Autoradiographic Illustration of the Effect of nAChR Gene Deletion on Ligand Binding

The autoradiograms in Figure 1 illustrate pictorially the effect of deletion of α2, α4, α6, α7,
β2, β4, α5 and β3 on the binding of [125I]epibatidine, [125I]A-85380, [125I]αCtxMII and
[125I]αBgt at approximately −3.5 mm Bregma. This figure illustrates several features of the
data. The binding of each ligand to tissue from wild-type mice is shown in the top row of the
figure. The effect of each nAChR gene deletion is shown for each binding condition below
that of the wild-type. Similar figures at different anatomical levels (approximate Bregma:
−0.1 mm, −0.6 mm, −2.1 mm, −2.5 mm and −5.2 mm) are found in the Supplemental
Figures 1–5. These images can also be accessed and downloaded at ibgwww.colorado.edu
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(under the animal research heading). The descriptions that follow have also been applied to
the results summarized in Tables 1–6 in the following sections.

3.1.1. [125I]αBungarotoxin Binding—The simplest response to nAChR gene deletion is
observed for [125I]αBgt binding. Highest binding is observed in superior colliculus and
hippocampus with less intense labeling of cortical and midbrain regions. Specific binding is
eliminated by deletion of the α7 gene and is virtually unaffected by the other null mutations.

3.1.2. [125I]αConotoxinMII Binding—At this level only the superior colliculus shows
intense [125I]αCtxMII binding, although light labeling of the interpeduncular nucleus is also
observed. Deletion of α2, α7, β4 or α5 subunits has no detectable effect on these binding
sites. In contrast, deletion of the β2 and α6 subunits completely eliminated [125I]αCtxMII
binding in superior colliculus. A significant, but not quite complete, reduction was observed
in β3 knock-out mice, while a more modest reduction occurred in α4 knock-out mice.

3.1.3. [125I]A-85380 Binding—Significantly more sites are labeled by [125I]A-85380
than by either [125I]αBgt or [125I]αCtxMII. The binding of this ligand is completely
eliminated by deletion of the β2 subunit. Deletion of the α4 subunit also eliminates many
[125I]A-85380 binding sites. However, significant labeling persists in the superficial gray
region of the superior colliculus and in the interpeduncular nucleus. A small amount of
binding is also seen in the substantia nigra. In contrast to the widespead effects observed
following β2 and α4 gene deletion, the effects of deletion of the α6 or β3 gene are restricted
to the superficial gray area of the superior colliculus. No significant reductions were noted
for α2, α7, β4 and α5 null mutants.

3.1.4. [125I]Epibatidine Binding—The general pattern of [125I]epibatidine binding is
similar to that observed with [125I]A-85380 and the effects of β2, α4, α6 and β3 gene
deletion are also similar. However, intense labeling in the interpeduncular nucleus persists in
the β2 knock-out mice.

It is known that [125I]epibatidine binding is heterogeneous [15–16, 58] with a subset of the
sites resistant to inhibition by cytisine. The effect of the null mutations demonstrates the
heterogeneity of the cytisine-resistant [125I]epibatidine binding sites. Deletion of β2
eliminates binding in the superior colliculus and deletion of either α6 or β3 significantly
reduces this binding. Deletion of α4 has less effect, while no detectable reductions were
observed in α2, α7, β4 or α5 null mutants. However, deletion of β4 significantly reduces
labeling in the interpeduncular nucleus, while no significant effects were noted for the other
null mutants.

A subset of the cytisine-resistant [125I]epibatidine binding sites can be inhibited by αCtxMII
[39]. Deletion of the β4 subunit has the most noticeable effect on those residual sites that are
resistant to both cytisine and αCtxMII inhibition in interpeduncular nucleus.

3.2. Semiquantitative Analysis of nAChR Gene Deletion on Nicotinic Binding Sites
All nAChR in the CNS must include either the α7, β2 and/or β4 subunit [31, 44, 61]. The
heteromeric nAChR include α subunits and may also include the auxiliary α5 and β3
subunits. The results that follow will discuss the effect of the deletion of each nAChR
subunit on the various binding sites. The semiquantitative analyses are summarized in
Tables 1–6 for analyses of binding at the levels of approximately −0.1 mm, −0.6 mm, −2.1
mm, −2.5 mm, −3.5 and −5.2 mm Bregma, respectively. The symbols for each ligand in the
rows for the wild-type mice (□, ■, ■■, ■■■, and ■■■■) illustrate the expression level from
undetectable (□) to most intense (■■■■). The symbols for each null mutant (++++, +++, ++,
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+ and −) illustrate the relative effect of that particular gene deletion from no significant
change from control (++++) to complete elimination (−).

3.2.1. α7 nAChR Gene Deletion—Deletion of the α7 nAChR gene gives the simplest
pattern: Complete elimination of [125I]αBgt binding in every brain region with no significant
effect on the binding of [125I]epibatidine, [125I]A-85380, or [125I]αCtxMII.

3.2.2. β2 nAChR Gene Deletion—Deletion of the β2 nAChR gene has the most effect
on the ligand binding sites, although it had no noticeable effect on [125I]αBgt binding.
Deletion of the β2 nAChR completely eliminates both [125I]A-85380 and high affinity
[125I]αCtxMII in every brain region as well as a significant fraction of high affinity
[125I]epibatidine binding. Significant [125I]epibatidine binding persists in the medial
habenula, fasiculus retroflexus, interpedunular nucleus and inferior colliculus of β2 knock-
out mice.

Inclusion of 100 nM cytisine in the binding assays selectively inhibits primarily α4β2*
nAChR [14–15, 46] and facilitates identification of less widely expressed nAChR subtypes.
With the exception of the binding in the medial habenula, fasiculus retroflexus, and the
interpeducular nucleus and a subset of the signal in the optic tracts and inferior colliculus,
deletion of the β2 subunit eliminated the cytisine-resistant [125I]epibatidine binding sites.

3.2.3. β4 nAChR Gene Deletion—Deletion of the β4 nAChR gene had no detectable
effect on [125I]αBgt, [125I]αCtxMII or [125I]A-85380 binding. In general, deletion of β4 had
little effect on total [125I]epibatidine binding with the exception of partial reductions in the
signal intensity in the fasiculus retroflexus, interpeduncular nucleus and the inferior
colliculus. The effect of β4 gene deletion were more readily observable when 100 nM
cytisine was included in the incubation with [125I]epibatidine. Under these experimental
conditions, when binding to α4β2* nAChR sites is removed, robust effects of β4 gene
deletion could be observed in medial habenula, fasiculus retroflexis, interpeducular nucleus
and inferior colliculus, regions that express high levels of cytisine-resistant [125I]epibatidine
binding. In addition, detectable reductions in cytisine-resistant [125I]epibatidine binding
were also noted in the dorsolateral, ventrolateral and medial geniculate nuclei, olivary
pretectal nucleus, superficial gray level of the superior colliculus and the inferior colliculus.

3.2.4. α2 nAChR Gene Deletion—Little effect of the deletion of the α2 nAChR subunit
could be noted for any binding sites. However, modest, relatively subtle reductions may
have occurred for cytisine-resistant [125I]epibatidine binding sites in several cortical layers,
and some regions of the visual tract including the dorsolateral and ventrolateral geniculate
nuclei, the olivary pretectal nucleus, the optic tract and the superficial gray area of the
superior colliculus.

3.3.5. α4 nAChR Gene Deletion—Deletion of the α4 nAChR gene had no effect on
[125I]αBgt binding. All other binding sites were at least partially reduced in α4 knock-out
mice.

Significantly less [125I]A-85380 binding was observed in the brain of α4 knock-out mice
than wild-type mice. Indeed, deletion of α4 eliminated [125I]A-85380 binding in many brain
regions. However, in contrast to the complete elimination of [125I]A-85380 binding
following deletion of the β2 subunit, low, but detectable binding, was noted in the caudate
putamen, globus pallidus, optic tracts, dorsolateral, ventrolateral and medial geniculate
nuclei, substantia nigra pars compacta and ventral tegmental area. In addition, higher levels
of [125I]A-85380 binding persisted in medial habenula, olivary pretectal nucleus, substantia
nigra pars reticulata and superficial gray region of the superior colliculus in α4 knockouts.

Baddick and Marks Page 6

Biochem Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Deletion of α4 had little effect on [125I]A-85380 binding in the fasiculus retroflexus and the
interpeduncular nucleus.

Deletion of the α4 nAChR subunit generally reduced, but did not eliminate, [125I]αCtxMII
binding sites throughout the brain.

Given the complexity of [125I]epibatidine binding sites, the pattern of response to deletion of
α4 on these sites was more complex than that for [125I]A-85380 binding. However, those
sites that remained in β2 knock-out mice also remained in α4 knock-outs. Furthermore, the
additional sites that differed between β2 and α4 knock-outs for [125I]A85380 binding were
also noted for total [125I]epibatidine binding. As was the case for the β2 knock-outs,
significant signal remained in the medial habenula, fasiculus retroflexus, interpeduncular
nucleus and inferior colliculus of α4 knock-out mice. In addition, as was the case for the
[125I]A-85380 and [125I]αCtxMII binding, deletion of α4 reduced, but did not eliminate β2
dependent, cytisine-resistant [125I]epibatidine binding sites particularly in the visual system.

3.3.6. α6 nAChR Gene Deletion—Deletion of the α6 nAChR gene had very specific
effects on nAChR binding sites. Virtually all [125I]αCtxMII binding was eliminated by α6
gene deletion with the exception of partial reductions in the labeling in the interpedunular
nucleus and the optic tracts. While effects of α6 gene deletion for both [125I]A-85380 and
total [125I]epibatidine binding were not generally obvious, partial reductions were noted for
the dorsolateral and ventrolateral geniculates, the superficial gray layer of the superior
colliculus, substantia nigra pars compacta and ventral tegmental areas. Addition of 100 nM
cytisine to the [125I]epibatidine binding assay helped to illustrate the effect of α6 gene
deletion in the regions listed above as well as in the caudate putamen, the optic tracts and
olivary pretectal nucleus.

3.3.7. α5 nAChR Gene Deletion—Deletion of the α5 nAChR gene had little detectable
effect on the expression of any of the ligand binding sites.

3.3.8. β3 nAChR Gene Deletion—The patterns for the effect of deletion of the β3
nAChR subunit were very similar to those following deletion of the α6 nAChR subunit:
Significant reductions in high affinity [125I]αCtxMII binding, selective reductions
[125I]A-85380 binding and selective reductions in [125I]epibatidine binding that were
particularly evident in samples including 100 nM cytisine. However, the reduction in signal
following deletion of β3 was less complete than that following deletion of α6.

4. Discussion
4.1. Null Mutants and Nicotinic Binding Sites

The examination of the effects of nAChR gene mutation on various nicotinic binding sites
has helped to define the nature of the complex nAChR subtypes measured with these
ligands.

4.1.1. [125I]α-Bungarotoxin Binding Sites—The binding of [125I]αBgt shows the
simplest response to nAChR gene deletion. Deletion of the α7 gene completely eliminates
[125I]αBgt binding. No noticeable effect of deletion of any of the other nAChR genes on
[125I]αBgt binding was observed. This result is completely consistent with the original
cloning of the α7 gene as a αBgt binding protein [62] as well as a functional receptor
inhibited by αBgt [63–64]. The original report describing the α7 knockout mouse confirmed
that deletion of α7 eliminated [125I]αBgt binding as well as αBgt-sensitive function [33].
Deletion of α7 had no effect on the other binding sites measured here, although a lower-
affinity, αBgt-sensitive epibatidine binding site, which measures the same subtype as
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[125I]αBgt is eliminated by deletion of the α7 gene [39, 44]. Thus, all [125I]αBgt binding
sites in mouse brain are α7*-nAChR.

4.1.2. [125I]A-85380 Binding Sites—A-85380 was originally identified as a potent
α4β2*-nAChR agonist [23]. It is now recognized as a more general β2* nAChR agonist
[24]. Compounds modified by incorporation of a substitution in the 5 position of the
pyridine moiety are extremely useful ligands for positron emission tomography [25–26].
A-85380 also serves as the progenitor for the potent agonist, sazitidine, that rapidly
desensitizes the α4β2 nAChR [65]. Confirming earlier results [24], deletion of the β2
nAChR subunit completely eliminated [125I]A-85380 binding throughout the mouse brain.
The results summarized in this paper also illustrate why A-85380 was originally considered
to be an α4β2 nAChR selective ligand: Deletion of the α4 nAChR subunit eliminates most
[125I]A-85380 binding sites. However, residual [125I]A-85380 binding sites persist in a few
distinct brain areas in the α4 knockout mice. The brain regions remaining in α4 knock-outs
include the dopaminergic pathways and visual tracts all of which show partial reductions in
signal following deletion of either the α6 or β3 genes. In addition, the medial habenula and
interpeduncular nucleus express residual [125I]A-85380 binding sites in α4 knock-out mice
which are not obviously reduced by deletion of any of the genes investigated here. These are
likely to correspond to α3β2* nAChR that will be discussed in more detail below.

4.1.3. [125I]αConotoxinMII Binding Sites—αCtxMII was originally isolated from the
cone snail, Conus magus, and characterized as a inhibitor of α3β2 nAChR expressed in
Xenopus oocytes [20]. However, with the exception of the medial habenula, fasiculus
retroflexus and interpeduncular nucleus the binding of [125I]αCtxMII is unaffected by
deletion of the α3 nAChR subunit [38]. The deletion of the β2 nAChR subunit completely
eliminates [125I]αCtxMII binding [39, 52, 55] and that result has been confirmed in the
current study. In what was initially a surprise, the binding of [125I]αCtxMII in
catecholaminergic and visual pathways was eliminated by deletion of the α6 nAChR subunit
[22], an observation that has also been confirmed in the present study. In yet another result
that was initially a surprise, deletion of the β3 nAChR subunit also substantially reduced
[125I]αCtxMII binding [35] in catecholaminergic and visual pathways. This result has been
confirmed with immunochemical experiments [43] and by the results of the current study. In
contrast to the effect of α6 nAChR gene deletion, deletion of the β3 nAChR subunit did not
completely eliminate [125I]αCtxMII binding or αCtxMII-senstivie function [43, 53],
indicating either that a small population of α6β2* nAChR normally exist or that these
receptors are assembled in the absence of the β3 subunit. The complexity of [125I]αCtxMII
binding sites is further revealed by the demonstration that the α4 nAChR subunit is included
in an α4α6β2β3 nAChR [52–53, 66–67] that is also illustrated in the current paper by the
partial reduction of [125I]αCtxMII binding in α4 knockout mice. Thus, [125I]αCtxMII
binding sites represent a complex mixture of nAChR subtypes. A relatively small proportion
of the [125I]αCtxMII binding sites, confined primarily to the medial habenula/
interpeduncular nucleus pathway, are α3β2* nAChR. Most of the [125I]αCtxMII binding
sites are α6β2* nAChR including α4β6β2β3 nAChR, α6β2β3 nAChR and, perhaps a small
native population of α6β2 nAChR, the relative proportions of which vary among
dopaminergic terminal regions [67].

4.1.4. [125I]Epibatidine Binding Sites—By far the most complex collection of nAChR
binding sites are those that bind epibatidine. Epibatidine binds with very high affinity to
heteromeric nAChR (α2, α3 and α4 assembled with β2 or β4 subunits) expressed in Xenopus
oocytes [19] and HEK cells [18]. Epibatidine has also been used to label receptors analyzed
by immunoprecipitation [40–41, 43, 47–48, 67–76]. It is an excellent ligand to identify a
diverse number of receptor subtypes using this approach. Pharmacological differences
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among diverse epibatidine binding sites have been used to identify subsets of these sites
[14–16]. The combination of the pharmacological approaches with the use of null mutant
mice has been used to investigate the diversity of natively expressed receptors analogous to
the experiments described here [16, 39, 42, 44, 46, 77–78].

Most [125I]epibatidine binding sites respond to nAChR gene deletion in a manner very
similar to, if not quite identical to, that observed for [125I]A-85380: Deletion of either the β2
or the α4 nAChR subunits eliminates most high-affinity [125I]epibatidine binding. Inasmuch
as the cytisine-sensitive [125I]epibatidine binding sites are virtually identical to the sites
measured by either [3H]nicotine (or [3H]cytisine), the loss of cytisine-sensitive
[125I]epibatidine binding by deletion of either the α4 or β2 subunits corresponds to the
elimination of [3H]nicotine binding following deletion of these subunits [30, 32].

Inhibition of high affinity [125I]epibatidine binding sites by cytisine is a useful experimental
approach to separate subsets of cytisine-sensitive and cytisine-resistant [125I]epibatidine
binding sites [14–15, 39, 45–46, 78–80]. Most epibatidine binding sites in brain are sensitive
to inhibition by cytisine and represent primarily, if not exclusively, α4β2* nAChR sites [14–
15, 46]. Inhibition of the predominant α4β2* nAChR allows detection of effects that may be
masked by the large number of cytisine-sensitive sites. The cytisine-resistant epibatidine
binding sites represent a diverse population and that is illustrated by the different effects
occurring following deletion of the various nAChR genes. Deletion of the α4 reduced the
cytisine-resistant [125I]epibatidine binding in several brain regions, particularly those
affected by α6 or β3 deletion. Elimination of additional sites following deletion of the β2
subunit demonstrates the existence of β2* nAChR that do not also include the α4 subunit.
β2* nAChR that do not include α4 subunits are particularly noticeable in dopaminergic
terminal regions and visual tracts. These [125I]epibatidine binding site are substantially
reduced by deletion of either the α6 or β3 gene implying the existence of α6β2β3* nAChR
in this subset of sites. This assignment parallels that for [125I]αCtxMII binding sites and is
consistent with results reported previously for α6 null mutant mice [22]. An effect of β4
gene deletion is also clearly visible for the cytisine-resistant [125I]epibatidine binding sites:
A dramatic reduction in signal was also noted in the medial habenula, fasciculus retroflexus,
interpeduncular nucleus and inferior colliculus.

Further refinement of the cytisine-resistant [125I]epibatidine binding sites was accomplished
by including 100 nM αCtxMII in the incubation. These cytisine-resistant, αCtxMII-sensitive
sites detect nAChR that interact with αCtxMII including lower affinity sites that are not
measured directly by the binding of [125I]αCtxMII, which are predominantly α6β2β3*
nAChR. Indeed, little further inhibition by 100 nM αCtxMII was noted for α6 and β3 knock-
out mice in most regions. However, a further reduction in [125I]epibatidine binding was
observed in the superior colliculus of α6 and β3 knockout mice with the addition of 100 nM
αCtxMII. The existence of additional αCtxMII sensitive sites, likely corresponding to α3β2*
nAChR [81], is indicated (see also below).

4.2. Potential Role of Subunits the Deletion of Which Has Little Effect on Ligand Binding
While deletion of most of the nAChR subunits had detectable effects on one or more of the
ligand binding sites measured in the current study, deletion of either the α2 or α5 subunit did
not have obvious effects.

4.2.1. α3 Subunit—Deletion of the α3 nAChR results in early postnatal death such that
null mutants generally do not survive for more than a few weeks [49]. Consequently, α3
knock- out mice were not included in the experiments described here. However, it is evident
from the sites that were eliminated by deletion of α2, α4 or α6 nAChR subunits that, by
process of elimination, α3* nAChR account for these residual sites. Many of these residual
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regions including medial habenula, fasiculus retroflexus, interpedunular nucleus and inferior
colliculus are found in the cytisine-resistant component of high affinity [125I]epibatidine
binding sites, regions that are reduced in β4 knock-out mice. This strongly indicates the
presence of α3β4* nAChR in these regions and is consistent with the observations made on
the effect of α3 gene deletion in 8 day old α3 knock-out mice [38]. The existence of
potential α3β2* nAChR is suggested by the observation that 100 nM αCtxMII decreases
[125I]epibatidine binding in the dorso- and ventro-lateral geniculate nuclei and in the
superficial gray area of the superior colliculus which is evident particularly in sections from
α6 knock-out mice. This observation is reasonable given that αCtxMII is known to
interacted with α3β2 nAChR, albeit with lower affinity than with α6β2* nAChR [20, 82]and
is consistent with the demonstration that α3* nAChR are detectable in visual pathways [81,
83–84].

4.2.2. α2 Subunit—In situ hybridization studies in either rat [85] or mouse [86] brain
indicate that the α2 subunit is sparsely expressed. The experiments describing the binding of
[3H]epibatidine to both α2β2 nAChR and α2β4 nAChR expressed in Xenopus oocytes [19]
suggests that such sites should be detectable in brain. Indeed, by the use of ligand binding
and immunoprecipitation, [125I]epibatidine binding sites including the α2 subunit have been
identified in mouse brain [47], however even in regions of highest expression (olfactory
bulbs and interpeduncular nucleus) the α2* nAChR are sparsely expressed. There is also
evidence that some α2* nAChR are present in visual pathways [81, 83–84]. Given the semi-
quantitative nature of these studies relatively small effects of α2 gene deletion on any of the
binding sites may have escaped detection. Development of an α2* nAChR selective ligand
would facilitate the identification of these receptors.

4.2.3. α5 Subunit—The α5 subunit is an accessory subunit the deletion of which has
significant effects on nicotine-mediated responses in vivo [36, 87–88] as well as on nAChR
mediated function [48, 51, 89]. Furthermore, immunoprecipitation studies have established
that as subset of nAChR measured by epibatidine binding include the α5 subunit [31, 40, 48,
72, 81, 90–91]. Nevertheless, no study, including the current one, has been able to detect a
change in the total number epibatidine binding sites [36, 48], despite the significant changes
in function, pharmacology and physiology resulting from α5 gene deletion [48, 51, 89].
Among the possible reasons for the failure to detect changes in binding sites include their
relative rarity [48, 72, 90] or the possibility that an alternate subunit such as α4 or β2 is now
incorporated in nAChR which normally include the α5 subunit thereby preserving
measurable binding sites.

4.3. Summary
The results presented here provide a survey of the effects of nAChR gene deletion of
nicotinic binding sites measured with [125I]αBgt, [125I]αCtxMII, [125I]A-85380 and
[125I]epibatidine under several conditions. Since the experiments were done in one
laboratory under standard conditions the effects are easily comparable. The data presented in
this paper are completely consistent with the findings of similar experiments with null
mutant mice. It should be noted that all comparisons made in the current study are semi-
quantitative and therefore provide a general picture of receptor expression and composition.
More detailed comparisons will require a quantitative autoradiographic approach with a
larger number of replicates than were included here.

Autoradiographic studies have their limitations:

• The effects of deletion of genes with relatively low expression (such as the α2
nAChR subunit) are difficult to detect autoradiographically and often require
alternative approaches such as immunoprecipitation [47].
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• Deletion of an auxiliary subunit (such as α5) may have no detectable effect on
traditional ligand binding. Consequently its role can escape detection. The lack of a
detectable effect on binding could result because the α5* nAChR represent a
relatively small fraction of the total heteromeric receptors. However,
immunoprecipitation and functional assays have demonstrated an important role for
this subunit [48, 89–90], including behavioral consequences [36, 92–93]. The α5
nAChR has been repeatedly shown to have an important role in human tobacco use
[92]. Functional assays are essential to define fully the role of nAChR subunits.

• Autoradiographic analyses are inadequate to examine effects of subunit deletion,
and therefore nAChR composition, when alternate subunits can substitute for the
deleted gene. This caveat applies for auxiliary subunits such as α5 as discussed
above. It could also apply for alternately assembled nAChR such as an α7* nAChR
that includes a β2 subunit [94], which in the absence of β2 could assemble as an α7
nAChR homopentamer.

• Autoradiographic analyses also require sufficient signal:noise for detection of
binding sites. This requirement can be problematic when ligands with relatively
high non-specific binding especially peptide probes such as [125I]αBgt and
[125I]αCtxMII. Thus, in ventral tegmental area little [125I]αBgt binding was
observed in the current study, consistent with similar observations for mouse [95]
or rat [96]. However, functional α7-nAChR have been identified in the ventral
tegmental area [94, 97] indicating that the resolution and/or sensitivity achieved
with autoradiography is inadequate to identify these binding sites. Indeed, an
electron micrograhpic analysis identified α7 nAChR binding sites in the rat ventral
tegmental area [98].

Therefore, failure to detect changes in binding site density following gene deletion,
particularly for sparsely expressed or auxiliary subunits, does not necessarily establish that
nAChR containing this subunits are absent. Additional studies using functional,
pharmacological and immunochemical assays, in addition to more quantitative
autoradiographic experiments, particularly in concert with null mutant mice, will provide
more definitive description of the native nAChR populations to expand on the general
picture provided here.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Autoradiographic images of coronal mouse brain sections at approximately −3.5 mm
Bregma. Autoradiograms for each of the ligands [125I]epibatidine (three conditions: total
binding, binding in the presence of 100 nM cytisine and binding in the presence of 100 nM
cytisine and 100 nM α-conotoxinMII), [125I]A-85380, [125I]α-conotoxinMII and [125I]α-
bungarotoxin are shown for wild-type mice and for each of the nAChR null mutants for
sections at a level approximately −3.5 mm Bregma.
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