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ABSTRACT

We determined the localization of [*H]nicotine, [*H]cytisine, [*H]epibatidine, and [*Z°T]a-
bungarotoxin binding sites in the brain of rhesus monkey by means of receptor autoradiography.
The labelings by [*H]nicotine, [*H]cytisine, and [*H]epibatidine were highly concordant, except
for epibatidine. Layer IV of some cortical areas, most thalamic nuclei, and presubiculum dis-
played high levels of labeling for the three ligands. Moderate levels of binding were detected in
the subiculum, the septum, and the mesencephalon. Low levels were present in layers I-II and
VI of the cortex, the cornu Ammonis, the dentate gyrus, and the amygdala. In addition, the level
of epibatidine labeling was very high in the epithalamic nuclei and the interpeduncular nucleus,
whereas labeling by nicotine and cytisine was very weak in the same regions. The distribution of
[*25T]a-bungarotoxin binding differed from the binding of the three agonists. The labeling was
dense in layer I of most cortical areas, dentate gyrus, stratum lacunosum-moleculare of CA1 field,
several thalamic nuclei, and medial habenula. A moderate labeling was found in layers V and VI
of the prefrontal and frontal cortices, layer IV of primary visual cortex, amygdala, septum,
hypothalamus, and some mesencenphalic nuclei. A weak signal was also detected in subiculum,
claustrum, stratum oriens, and stratum lucidum of cornu Ammonis and also in some mesence-
phalic nuclei. The distribution of nicotine, cytisine, and epibatidine bindings corresponds broadly
to the patterns observed in rodents, with the marked exception of the epithalamus. However, in
monkey, those distributions match the distribution of a2 messenger RNA, rather than that of a4
transcripts as it exists in rodent brains. The distribution of the binding sites for a-bungarotoxin
is larger in the brain of rhesus monkeys than in rodent brain, suggesting a more important role
of o7 receptors in primates. J. Comp. Neurol. 461:49—-60, 2003.  © 2003 Wiley-Liss, Inc.
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The nicotinic acetylcholine receptors (nAChRs) are
well-characterized transmembrane allosteric proteins
involved in the fast responses to acetylcholine (Corrin-
ger et al., 2000; Karlin, 2002). They are composed of five
identical (homopentamers) or different (heteropentam-
ers) polypeptide chains arranged symmetrically around
an axis perpendicular to the membrane. The agonist
binding sites are located at the interface between two
subunits. In mammalian neurons, the combinatorial as-
sembly of the subunits (a2-7,82—4) generates a wide
diversity of receptors, with various electrical and bind-
ing properties (Role and Berg, 1996; Le Novere et al.,
2002).
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nAChRs are essential to numerous brain functions and
accordingly have been implicated in several human neu-
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rologic and psychiatric diseases, either during the patho-
genic process or in the generation of the symptomatology
(Gotti et al., 1997; Léna and Changeux, 1997). In addition
of their role as the main relay in the motor autonomic
transmission, neuronal nAChRs are strongly involved in
many cognitive processes (Levin and Simon, 1998) as well
as sensory, limbic, and autonomic functions (such as treat-
ment of sensory input, regulation of mood, and nocicep-
tion).

The involvement of nAChRs in brain functions and mal-
functions is multiple and is still poorly understood. Sev-
eral mutations in the genes encoding a4 or B2 subunits
have been identified as a cause of neocortical epilepsy
(Steinlein et al., 1995, 1997; De Fusco et al., 2000). Nico-
tine has a positive effect on memory processes, which are
impaired in mice carrying the inactivation of the subunit
B2 (Picciotto et al., 1995). Those mice present an increased
neurodegeneration during aging, together with a decrease
of cognitive performances (Zoli et al., 1999). nAChRs are
also thought to be involved in several types of dementia,
such as Parkinson’s and Alzheimer’s diseases (Quik et al.,
2000b; Court et al., 2001). nAChRs have been repeteadly
implicated in schizophrenic syndromes. An abnormally
high proportion of schizophrenic patients is composed of
heavy smokers and nicotine has been successfully used to
relieve their symptoms. nAChRs antagonists mimic
schizophrenic features in animal models. Moreover, the o7
gene was found to be significantly linked to the syndrome
in one family (Freedman et al., 1997; Adler et al., 1998).
Finally, neuronal nAChRs, particularly those expressed in
the basal ganglia, are thought to be responsible for nico-
tine dependence and therefore smoking (Picciotto et al.,
1998; Di Chiara, 2000).

To clarify the anatomical bases for the involvement of
the various nAChR isoforms in the function of specific
brain circuits, much work has been devoted to the study of
the precise localization of nAChRs in the central and pe-
ripheral nervous systems. A technique of choice is receptor
autoradiography, which allows mapping out, in a quanti-
tative or semiquantitative fashion, the distribution of
binding sites for nicotinic ligands.

Saturation binding experiments performed on reconsti-
tuted systems showed that there are two main popula-
tions of neuronal nAChRs. Homopentameric 7 nAChRs
bind the snake a-bungarotoxin with high affinity (Coutu-
rier et al., 1990; Schoepfer et al., 1990; Chen and Patrick,
1997), whereas heteropentameric nAChRs (composed of
different combinations of a2—-6 and B2—4 subunits) are
insensitive to this toxin (Boulter et al., 1987). On the other
hand, a7 nAChRs bind the small agonists nicotine, cy-
tisine, and epibatidine with a lower affinity than most of
the heteropentameric receptors (Whiting et al., 1991;
Anand et al., 1993; Wang et al., 1996). Among the neuro-
nal heteropentameric receptors, pharmacological hetero-
geneity has been demonstrated (Parker et al., 1998).

Receptor autoradiography performed on the brain of
transgenic mice extended the conclusions drawn from re-
constituted systems to endogenous receptors. The inacti-
vation of a7 by homologous recombination suppressed the
labeling by ['2*I]a-bungarotoxin but did not affect the
labeling by [®H]nicotine (Orr-Urtreger et al., 1997). Con-
versely, the inactivation of B2 (the most widely expressed
subunit in rodent brain) suppressed the labeling by
[®H]nicotine in most brain regions (Picciotto et al., 1995)
but did not affect the labeling by [*2*I]la-bungarotoxin
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(Zoli et al., 1998). The inactivation of a4, a6, and B2
revealed heterogeneity among the distributions of binding
sites for [*H]nicotine, [*H]cytisine, and [*H]epibatidine
(Zoli et al., 1998; Marubio et al., 1999; Ross et al., 2000;
Champtiaux et al., 2002) and permitted us to assign bind-
ing patterns tentatively to subsets of receptors.

In addition, detailed autoradiography experiments have
been performed in wild-type rodents (Clarke et al., 1984,
1985; Harfstrand et al., 1988; Pauly et al., 1989; Happe et
al., 1994; Perry and Kellar, 1995), and some more partial
surveys have been carried out in primates (Cimino et al.,
1992; Perry et al., 1992; Rubboli et al., 1994; Breese et al.,
1997; Spurden et al., 1997; Sihver et al., 1998; Court et al.,
2000a). Modifications of ligand binding have also been
investigated in the brain of humans with neuropsychiatric
diseases (Freedman et al., 1995; Perry et al., 1995; Court
et al., 1999, 2000b, 2001; Sihver et al., 1999). Here we
describe an extensive autoradiographic mapping of [*H]ni-
cotine, [*Hlcytisine, [®H]epibatidine, and ['%®I]a-
bungarotoxin binding sites in the brain of the rhesus mon-
key.

MATERIALS AND METHODS
Chemicals

(-)-IN-methyl-*H]nicotine, [*Hlcytisine, [*H]epibati-
dine, and [*?°T]a-bungarotoxin were purchased from Am-
ersham Biosciences (Little Chalfont, United Kingdom).
Unlabeled (-)-nicotine bitartrate and other drugs were
purchased from Sigma (St. Louis, MO).

Animal brains

The brains of three adult (approximately aged 15 years)
male rhesus monkeys (Macaca mulatta) were obtained
from the Institut Cognitif in Lyon, France. The animals
were treated as described by Han et al. (2000). They were
tranquilized with ketamine (0.1 ml - kg™!) and deeply
anesthetized with sodium phenobarbital (40 mg - kg™,
with a solution at 50 mg + ml™), prior to transcardiac
perfusion with 500 ml of ice-cold saline solution. Mainte-
nance of animals and the procedures for euthanasia were
performed according to the recommendations of the Cen-
tre National de la Recherche Scientifique ethical commit-
tee for animal care and manipulation. The brain was then
dissected out from the skull and sectioned into several
pieces of about 30 X 40 X 40 mm. The pieces were imme-
diately frozen in dry ice powder and kept at —80°C until
use.

Receptor autoradiography

Fourteen-micrometer-thick sections were cut on a cryo-
stat and mounted on Superfrost slides. They were dried at
room temperature for 20 minutes and then stored at
—80°C for under 3 days. On the day of the experiment, the
slides were brought to room temperature and processed
according to established protocols (Clarke et al., 1985;
Happe et al., 1994; Perry and Kellar, 1995; Zoli et al.,
1998).

[*H]nicotine (84 Ci - mmol') was used at a concentra-
tion of 5 nM. The incubation was performed at room tem-
perature for 30 minutes in 50 mM Tris-HCI, pH 7.4. It was
followed by four rinses of 30 seconds each in the same
buffer, followed by a brief rinse in distilled water, all
performed at 4°C. Nonspecific binding was defined as
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binding in the presence of an excess of cold nicotine (10
wM). The film exposure time was 3—5 months.

[*H]cytisine (30 Ci + mmol™) was used at a concentra-
tion of 5 nM. The incubation was performed at 4°C for 60
minutes in 50 mM Tris-HCl, pH 7.4, containing 120 mM
NaCl, 5 mM KCl, 2.5 mM CaCl,, and 1 mM MgCl,. This
was followed by three rinses for 2.5 minutes each in 50
mM Tris-HCL, pH 7.4, followed by a brief rinse in distilled
water, all performed at 4°C. Nonspecific binding was de-
fined as binding in the presence of an excess of cold nico-
tine (10 wM). The film exposure time was 3-5 months.

[®*H]epibatidine (56 Ci - mmol™') was used at a concen-
tration of 200 pM. The incubation was performed at room
temperature for 30 minutes in 50 mM Tris-HCl, pH 7.4,
followed by two rinses of 5 minutes each in the same
buffer, followed by a brief rinse in distilled water, all
performed at 4°C. Nonspecific binding was defined as
binding in the presence of and excess of cold nicotine (10
pM). The film exposure time was 3-5 months;

[*25T]a-bungarotoxin (2,500 Ci - mmol™) was used at a
concentration of 1.5 nM. The preincubation and incuba-
tion were performed at room temperature for 30 and 120
minutes, respectively, in 50 mM Tris-HCI, pH 7.4, con-
taining 0.1% bovine serum albumin. This was followed by
six rinses of 30 minutes each in 50 mM Tris-HCI, pH 7.4,
and a brief rinse in distilled water, all performed at 4°C.
Nonspecific binding was defined as binding in the pres-
ence of cold nicotine (1 mM). The film exposure time was
2-3 days.

Slides were exposed to [PH]Hyperfilm (Amersham) for
the length of time indicated and developed in Kodak D19
film developer (3 minutes 30 seconds at 22°C). Alterna-
tively, slides were exposed to a 3 imager (BioSpace, Paris,
France), which directly measures the radioactive disinte-
grations (Crumeyrolle-Arias et al., 1996).

Photomicrograph production

Film autoradiograms were digitized with a black-and-
white Hamamatsu CCD camera. B Imager results were
transformed into gray-scale images with the apparatus’s
dedicated software. Figures were constructed within Pho-
toshop (Adobe Systems Inc, San Jose, CA) and the open-
source software The Gimp (http:/www.gimp.org).

Analysis of histological preparations

Analysis of the labeling patterns was carried out on
autoradiograms. To help in the identification of anatomi-
cal structures, the sections were counterstained with to-
luidine blue. The rostrocaudal distribution of the labeling
provided by each ligand was analyzed in coronal sections,
a detailed regional analysis being carried out based on the
cynomolgus monkey brain atlas (Szabo and Cowan, 1984)
and the rhesus monkey brain atlas by Paxinos et al.
(2000). For each ligand, the intensity of the labeling, if not
null, was ranked from (+), barely detectable, to ++++,
very strong, corresponding to the most well-labeled struc-
ture. Hence, the relative values of different ligands cannot
be directly compared with each other.

RESULTS

The autoradiography experiments carried out on the
brains of three different rhesus monkeys provided similar
results. No ligand gave a detectable labeling when an

Fig. 1.

Film autoradiograms of [*?’T]a-bungarotoxin (A,B) and
[*H]epibatidine (C,D) binding in the auditory cortex at levels Bregma
-9 mm (A,C) and Bregma —17 mm (B,D). Primary auditory cortex is
delimited by lines. Arrows point to layer IV of the auditory primary
cortex. Arrowhead points to the reticular thalamic nucleus. Pu, puta-
men. Scale bar = 5 mm.

excess of cold nicotine was added to the incubation mix-
ture.

Telencephalon

Although the intensity of [*H]nicotine labeling was
much lower than the intensity of [*H]cytisine and [°*H]epi-
batidine labeling, the overall patterns of labeling by the
ligands in the neocortex were similar. In contrast, the
labeling by [*2°T]a-bungarotoxin had a very different dis-
tribution. The signals were found throughout the entire
neocortex, their intensities and laminar distributions dis-
playing regional variations.

The binding of small agonists in layer I was barely
detectable, regardless of the cortical region. In contrast,
the [*2°T]a-bungarotoxin labeling was strong in layer I all
over the cortex except in the secondary auditory area
(insular cortex and prokoniocortex), where it was moder-
ate (Fig. 1). The binding of [*2°T]a-bungarotoxin was
barely detectable in granular layer IV, except in the pri-
mary visual cortex, where the signal was moderate (Fig.
2). The binding of [*H]nicotine in layer IV was moderate in
the primary sensory cortices and weak, although clear, in
every other area. The binding of [*H]cytisine and [*H]epi-
batidine was moderate in layer IV everywhere, except in
the primary cortices, where it was stronger. In particular,
the visual and auditory koniocortices, where layer IV is
thicker, were sharply distinct from the surrounding sec-
ondary sensory areas. In the primary auditory cortices
(Fig. 1), the boundaries of the labeling corresponded to
those of the domain of high acetylcholinesterase activity
(Morel et al., 1993). The supragranular layers displayed a
moderate signal for the binding of [*2*I]a-bungarotoxin,
except in the cingulate, frontal, and prefrontal cortices
and the secondary auditory area, where the signal was
weak. The binding of small agonists was barely detectable
in the supragranular layers except for the frontal regions,
where a weak signal was detected in layer III. The infra-
granular layers displayed a weak labeling for the binding
of [*2*T]a-bungarotoxin, except in the frontal and prefron-
tal regions, where the signal was moderate. The binding of
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Fig. 2. Autoradiograms of ['2°I]a-bungarotoxin (A), [*H]epibati-
dine (B), and [*H]nicotine (C) binding in the area V1 and V2 of the
visual cortex at level Bregma —47 mm. V1 and V2 visual cortex areas
are delimited by lines. Note the binding of bungarotoxin in layer IV of

small agonists was weak but clear in the layer VI and
barely detectable in the layer V all over the cortex.

The binding of small agonists, therefore, provided
roughly three kinds of laminar distribution, according to
the intensity in layer IV. The first pattern was obviously
present in the agranular areas (no layer IV). The second
pattern was present in the primary sensory cortices, dis-
playing a strong labeling in layer IV. The remaining areas
analyzed displayed a moderate labeling in layer IV. The
laminar distribution of [*2°I]a-bungarotoxin binding was
extremely variable and made up at least seven patterns
(details in Table 1).

Area 29 of the retrosplenial cortex presents a specific
laminar architecture, with a large granular layer III-IV
and almost absent supragranular layers (Morris et al.,,
1999). [*2°T]a-bungarotoxin gave a strong labeling in layer
I and a weak labeling in the infragranular layers. The
small agonists gave very strong labeling in the granular
layer (nicotine labeling was less intense than cytisine and
epibatidine labeling) and a weak labeling in the infra-
granular layers (Fig. 3).

Hippocampus was devoid of [*H]nicotine labeling. The
binding of [*H]cytisine and [*H]epibatidine was weak and
restricted to the stratum lacunosum of CA fields (Fig. 4).
On the contrary, we found a clear and diverse labeling by
[*2°T]a-bungarotoxin throughout the hippocampal forma-
tion. The granular layer of the dentate gyrus displayed a
strong signal, whereas the labeling in the polymorph layer
was weak. ['?*IJa-bungarotoxin binding was moderate in
the pyramidal layer of CA1 and CA2 and in the stratum
lacunosum-moleculare of CA2 and CAS3. It was stronger in
the stratum lacunosum-moleculare of CAl. The subiculum
displayed a moderate labeling of the small ligands and a
weak, but clear, labeling of [*?°I]a-bungarotoxin. The la-
beling in the presubiculum revealed a laminar pattern
consistent with the immunocytochemistry of choline
acetyltransferase (see Fig. 1G of Alonso and Amaral,
1995). The medial and external layers were strongly la-
beled by [*Hlcytisine and [*H]epibatidine. [*H]nicotine la-
beling was stronger in the medial than in the external
layer, whereas the binding of [*2°I]a-bungarotoxin was
stronger in the external than in the medial layer.

All nuclei of the amygdala showed a very weak level of
binding for the small agonists, whereas binding for [*2°T]a-
bungarotoxin was moderate, except in the medial nucleus

area V1 but not in area V2. The binding of [*?°T]a-bungarotoxin was
revealed on a film, whereas the binding of [*H]epibatidine and [*H]ni-
cotine was revealed with the B imager. Scale bar = 5 mm.

(high labeling) and the basolateral nucleus (weak label-
ing). The labeling was heterogeneous in the septum and
basal forebrain nuclei for all the ligands. The binding of
the agonists was barely detectable, except in the lateral
dorsal nucleus, the posterior part of the lateral ventral
nucleus, the medial septum, and the bed nucleus of the
stria terminalis. Only a small posterolateral part of the
latter was in fact labeled. The binding of [*2*T]a-
bungarotoxin was found mainly in the posterior part of the
lateral intermediate nucleus and in the cholinergic nuclei,
i.e., the basal nucleus of Meynert, the diagonal band, and
the medial septum, the latter being the only nucleus of the
basal forebrain/septal region to display labeling for all the
four ligands.

The forebrain basal ganglia were found to be devoid of
[*2*T]a-bungarotoxin labeling, except for the claustrum
and the medullary lamina, the fiber shell connecting the
internal to the external globus pallidus. On the contrary,
the agonists displayed a clear labeling in the entire stria-
tum (Figs. 1, 4, 5). However, a major difference in the
intensity of labeling for the three agonists was observed in
striatum, [*H]epibatidine labeling being stronger than
[®H]cytisine and [®*H]nicotine labeling (see, e.g., in Fig. 5,
the striatal labeling for [*H]epibatidine, higher than la-
beling in layers V-VI of the frontal cortex, whereas both
regions have identical labeling intensity for [*H]nicotine).

Diencephalon

Binding of [*?°I]a-bungarotoxin was found throughout
the hypothalamus, except in the lateral area. On the con-
trary, a weak binding for the agonists was found only in
the lateral and posterior area, with a strong binding in the
mammillary nuclei, where the [*2*I]a-bungarotoxin bind-
ing was weak.

The anterior group of thalamic nuclei displayed a very
strong binding for the agonists, except for the anterodor-
sal nuclei, which displayed a moderate signal. Although
the binding of [*2°I]a-bungarotoxin was very strong in the
anteroventral and anteromedial nuclei, it was weak in the
parathenial nucleus, contrary to the binding of agonists.
The ventral and mediodorsal groups of thalamic nuclei
displayed signals ranging from moderate to strong for the
agonists. However, only weak ['2°I]a-bungarotoxin label-
ing was detected in the ventral group and a moderate
labeling in the mediodorsal group. The intralaminar nu-
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clei, separating the mediodorsal from the ventral group,
were devoid of signal for any of the ligands. The retic-
ular thalamic nucleus was labeled moderately by the
agonists but strongly by the [*2°IJa-bungarotoxin (Figs.
4, 6). The parafascicular and the centromedian nuclei
displayed a very weak labeling for the agonists but a
strong labeling for the ['?°I]a-bungarotoxin in the cen-
tromedian nucleus (Fig. 6). Finally, the geniculate nu-
clei displayed a moderate to strong binding for all the
four ligands (Fig. 4).

The epithalamus provided contrasting results, possibly
because of the extreme diversity of nAChRs subunits ex-
pressed in this region (Han et al., 2000). The pineal gland
was labeled only by [*Hlepibatidine. The signal observed
in the lateral habenula was at best very weak, whatever
the ligand considered (Fig. 7). In the medial habenula,
[®*H]epibatidine gave a strong signal throughout the entire
structure. The same distribution was observed with the
[*2°T]a-bungarotoxin except for the anteromedial part,
where the signal was moderate. [*Hlcytisine gave a mod-
erate labeling restricted to the anterolateral part. Finally,
[®Hlnicotine barely labeled the medial habenula. The fas-
ciculus retroflexus, carrying axonal projections from the
habenula to the interpeduncular nucleus, was heavily la-
beled by [*Hlepibatidine and only by this ligand (Fig. 6).

Mesencephalon

Only the anterior part of the mesencephalon was in-
cluded in the present study, up to the level of Bregma —18
mm. The interpeduncular nucleus was very strongly la-
beled by [*Hlepibatidine. The labeling for [*H]cytisine was
moderate, and the labeling for [*H]nicotine was weak. No
labeling for [*2°T]a-bungarotoxin could be observed in the
interpeduncular nucleus.

The substantia nigra pars compacta was moderately
labeled by [*H]epibatidine and [*H]cytisine and weakly by
[®H]nicotine. The pattern of labeling in the ventral teg-
mental area was similar but weaker than that in the
substantia nigra.

The tectum revealed a labeling for all the ligands, par-
ticularly in the superior granular region. The small li-
gands moderately labeled other nuclei, such as the shell of
the red nucleus, whereas a clear and sometimes strong
signal was detected in the oculomotor nuclei.

DISCUSSION

We report here a systematic mapping of the high affin-
ity binding sites for three nicotinic agonists, [*Hlnicotine,
[®Hlcytisine, and [*Hlepibatidine, and for one nicotinic
blocker, ['2°T]a-bungarotoxin, in the brain of the rhesus
monkey.

Methodological aspects

Receptor autoradiography is performed after binding at
equilibrium. Hence, it reveals mainly high-affinity desen-
sitized receptors. Under those conditions, adequate con-
centrations of ligands permit discrimination between re-
ceptor subtypes that exhibit desensitized states with very
different affinities, even if higher concentrations of the
same ligand could also reveal low-affinity populations. For
the experiments presented here, we selected the ligand
concentrations used in the autoradiographic survey of nic-
otinic ligands in the mouse brain (Zoli et al., 1998). They
are close to the concentrations classically used in studies
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conducted either on rodents or on humans. Indeed, the
available data do not exhibit major differences in the
pharmacology for classical nicotinic ligands between ro-
dent (Parker et al., 1998) and primate (Gopalakrishnan et
al., 1996; Stauderman et al., 1998) recombinant receptors.
However, a precise assessment of the equilibrium binding
parameters of native nAChR subtypes in the monkey is
not available. In addition, the characteristics of allosteric
transitions, which affect the apparent affinity of receptors,
are also unknown. Therefore, the ligand concentrations
used in this study may not be optimal for the autoradio-
graphic visualization of all nAChR subtypes in primates
(see below for discussion of nicotinic agonist binding of
a4B2 receptors).

Overall conservation of the pattern of
[®H]nicotine, [*H]cytisine, and
[®H]epibatidine binding between rodents
and primates

Comparison of the results in the present study and the
results of previous receptor autoradiography surveys per-
formed in rodents (Clarke et al., 1985; Harfstrand et al.,
1988; Fuchs, 1989; Pauly et al., 1989; Happe et al., 1994;
Perry and Kellar, 1995; Zoli et al., 1998) and primates
(Cimino et al., 1992; Perry et al., 1992; Rubboli et al.,
1994; Breese et al., 1997; Spurden et al., 1997; Sihver et
al., 1998; Court et al., 2000a) shows that the distribution
of the binding sites for the small nicotinic agonists is well
conserved between rodent and monkey brains. Moreover,
there is good agreement among the distributions of the
binding sites for the three agonists, with the exception of
the habenulointerpeduncular system (see below).

A few previous studies have dealt with the distribution
of [®H]nicotine or [*H]cytisine binding site in primate
brain. In general, our results agree with these studies.
The highest levels of binding were detected in the thala-
mus of both monkey and human brains (Cimino et al.,
1992; Rubboli et al., 1994; Perry and Kellar, 1995; Spur-
den et al., 1997), whereas moderate levels were observed
in the striatum and the neocortex of human (Spurden et
al., 1997) but not of monkey (Cimino et al., 1992). We
report here a weak signal in striatum. The lack of detec-
tion of [*H]nicotine binding previously observed in mon-
key striatum could be due to a lower sensitivity of the
technique used by the previous authors. However, our
results are consistent with the binding of epibatidine and
cytisine and also agree well with the results in human.

In the neocortex, as shown in former work (Perry et al.,
1992; Spurden et al., 1997), the labeling was concentrated
in layer IV, which is the target of acetylcholinesterase-
positive thalamocortical afferents (Kageyama et al., 1990;
Morel et al., 1993; Alonso and Amaral, 1995; Alonso et al.,
1996; Broides et al., 1996). With regard to the hippocam-
pal formation, very high levels of [*H]cytisine and [°H]epi-
batidine binding were detected in the presubiculum and
moderate in subiculum, again in agreement with previous
studies in the human brain (Perry et al., 1992; Rubboli et
al., 1994).

Distribution of a-bungarotoxin binding is
wider in monkey than in rodents

Here, we present an extensive mapping of ['Z°T]a-
bungarotoxin binding sites throughout the mid- and fore-
brain using an homogeneous protocol that allows mean-
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TABLE 1. Regional [*H]Nicotine (Nic), [*H]Cytisine (Cyt), [*H]Epibatidine (Epi), and [?*T]a-Bungarotoxin (BTX) Binding in the Brain of Monkey"
[*HINic [*HICyt [PH]Epi [*2°I]a-BTX [HINic [*HICyt [PH]Epi [*?°T]a-BTX
Telencephalon CA2 field
Retrosplenial cortex area 29 Stratum oriens - - - +
Layer 1 (+) (+) (+) +++ Pyramidal cell layer - - - ++
Layers III-IV +++ ++++ ++++ (+) Strata lucidum and - - - +
Layers V-VI + + + + radiatum
Area 24 of anterior cingulate Stratum lacunosum- - + + ++
cortex moleculare
Layer I (+) (+) (+) +++ CAS3 field
Layers II-III (+) (+) (+) + Stratum oriens - - - +
Layers V-VI (+) + + ++ Pyramidal cell layer - - - +
Area 23 of anterior cingulate Strata lucidum and - - - +
cortex radiatum
Layer I (+) (+) (+) +++ Stratum lacunosum- - + + ++
Layers II-III (+) (+) (+) + moleculare
Layer IV + ++ ++ (+) CA4 - - - +
Layers V-VI (+) + + ++ Subiculum ++ ++ ++ +
Prefrontal cortex Presubiculum
Layer I (+) (+) (+) +++ External layer + +++ +++ ++
Layers II-III (+) (+) (+) + Medial layer ++ +++ +++ (+)
Layer IV + ++ ++ + Internal layer - — — (-)
Layer V (+) (+) (+) ++ Amygdala
Layer VI (+) + + ++ Central nucleus (+) (+) (+) ++
Frontal cortex Medial nucleus (+) (+) (+) +++
Layer I (+) (+) (+) +++ Lateral nucleus (+) (+) (+) ++
Layer 1T (+) (+) (+) + Hippocampal area (+) (+) (+) ++
Layer IIT (+) + + + Basolateral nucleus (+) (+) (+) +
Layer V (+) (+) (+) ++ Septum and basal forebrain
Layer VI (+) + + ++ Lateral dorsal septum ++ ++ ++ -
Somato-sensory cortex Lateral intermediate septum, (+) (+) (+) -
Layer I (+) (+) (+) +++ anterior
Layers II-III (+) (+) (+) ++ Lateral intermediate septum, (+) (+) (+) ++
Layer IV + +++ +++ (+) posterior
Layer V (+) (+) (+) + Lateral ventral septum, (+) (+) (+) -
Layer VI (+) + + + anterior
Parietal cortex Lateral ventral septum, + ++ ++ -
Layer I (+) (+) (+) +++ posterior
Layers II-III (+) (+) (+) ++ Medial septum + ++ ++ +++
Layer IV + ++ ++ (+) Diagonal band + + + ++
Layer V (+) (+) (+) + Substantia innominata (+) (+) + +
Layer VI (+) + + + Septofimbrial nucleus (+) (+) (+) ++
Insular cortex Septofimbrial organ (+) (+) (+) ++
Layer I (+) (+) (+) ++ Bed nucleus of the stria + +++ +++ ++
Layers II-III (+) (+) (+) + terminalis
Layer IV + ++ ++ (+) Basal nucleus of Meynert (+) (+) (+) ++
Layer V (+) (+) (+) + Forebrain basal ganglia
Layer VI (+) + + + Putamen + + ++ -
Prokoniocortex Caudate nucleus + + ++ -
Layer I (+) (+) (+) ++ Accumbens nucleus + + ++ —
Layers II-III (+) (+) (+) + Ventral pallidum + + ++ —
Layer IV + ++ ++ (+) Globus pallidus - - - -
Layer V (+) (+) (+) + medullary lamina - - - ++
Layer VI (+) + + + Claustrum + + + +
Auditory koniocortex Diencephalon
Layer I (+) (+) (+) +++ Optic tract - (+) ++ —
Layers II-III (+) (+) (+) ++ Hypothalamus
Layer IV ++ +++ +++ (+) Median preoptic nucleus - - - +
Layer V (+) (+) (+) + Lateral preoptic area - - - ++
Layer VI (+) + + + Paraventricular nucleus, - - - +++
Temporal cortex (except auditory parvicellular
cortices) Supraoptic nucleus - — — ++
Layer I (+) (+) (+) +++ Ventro-medial nucleus — — — ++
Layers II-III (+) (+) (+) ++ Anterior area - - — ++
Layer IV + ++ ++ (+) Posterior area + + + ++
Layer V (+) (+) (+) + Lateral area + + + -
Layer VI (+) + + + Mammillary nucleus ++ +++ +++ +
Visual cortex VI Thalamus
Layer I (+) (+) (+) +++ Anteroventral nucleus ++++ ++++ ++++ +++
Layers II-III (+) (+) (+) (+) Anterodorsal nucleus ++ ++ ++ ++
Layer IV + +++ +++ ++ Anteromedial nucleus ++++ ++++ ++++ +++
Layer V (+) (+) (+) + Parathenial nucleus +++ +++ +++ +
Layer VI (+) + + ++ Paraventricular nucleus + + + -
Visual cortex V2 Interanteromedial nucleus ++++ +4+++ +4+++ ++
Layer I (+) (+) (+) +++ Intermediodorsal nucleus + + + +
Layers II-III (+) (+) (+) + Intralaminar nuclei - - — —
Layer IV + ++ ++ (+) Reuniens nucleus ++ ++ ++ +
Layer V (+) (+) (+) + Reticular nucleus ++ ++ ++ +++
Layer VI (+) (+) (+) + Zona incerta + + + +
Hippocampal formation Ventral anterior nucleus +++ +++ +++ +
Dentate gyrus Ventral lateral nucleus +++ +++ +++ +
Granular layer - - - +++ Ventral posterolateral nucleus ++ ++ ++ +
Polymorph layer - - - + Ventral posteromedial nucleus +++ +++ +++ +
CALl field Medial dorsal nucleus, lateral ++ ++ ++ ++
Stratum oriens - - - + Medial dorsal nucleus, central +++ +++ +++ ++
Pyramidal cell layer - - - +4 Medial dorsal nucleus, medial ++ +4 +4 ++
Strata lucidum and — — — + Medial dorsal nucleus, dorsal +++ +++ +++ ++
radiatum
Stratum lacunosum- - + + +++

moleculare
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TABLE 1 (continued)

[*HINic [PHICyt [PH]Epi [?°I]la-BTX
Lateral dorsal superficial + + + ++
nucleus
Gustatory nucleus +++ +++ +++ +++
Parafascicular nucleus + + + (+)
Centromedian nucleus + + + ++++
Pulvinar ++ ++ ++ +++
Medial geniculate nucleus +++ +++ +++ ++
Lateral geniculate nucleus
Layers 1 and 2 +++ +++ +++ +++
Layers 3-6 +++ +++ +++ ++
Epithalamus
Pineal gland - - +++ -
Medial habenula, (+) + ++++ +++
anterodorsolateral
Medial habenula (+) ++ +4+++ ++++
anteroventrolateral
Medial habenula, anteromedial (+) + +++ ++
Medial habenula, (+) + +++ ++++
posteromedial
Medial habenula, (+) (+) (+) (+)
posterocentral
Medial habenula, (+) + ++++ +4+++
posteroventrolateral
Lateral habenula medial (+) + + (+)
Lateral habenula lateral (+) (+) (+)
fasciculus retroflexus - - ++++ -
Mesencephalon
Interpeduncular nucleus + ++ ++++ -
Substantia nigra, pars compacta + ++ ++ (+)
Substantia nigra, pars reticulata - - - -
Ventral tegmental area (+) + + -
Red nucleus, shell + ++ ++ +
Red nucleus, core - - - -
Medial accessory oculomotor (+) (+) (+) +
nucleus
Parvicellular oculomotor nucleus (+) (+) (+) +4++
Oculomotor nucleus (+) (+) (+) ++
Rostral linear nucleus of the - - - ++
raphe
Periaqueductal gray + + + (+)
Superior colliculus
Superficial gray layer ++ ++ +++ ++
Intermediate gray layer + + + +
Deep gray layer + + + +

1_, Not detected; (+), very weak; +, weak; ++, moderate; +++, strong; ++++, very
strong.

ingful comparisons between different areas. Previous
autoradiographical studies of [*2°T]a-bungarotoxin bind-
ing sites in primate brain were not extensive and, there-
fore, are sometimes difficult to compare and a fortiori with
the present results. Cimino et al. (1992) found that [*2°T]a-
bungarotoxin binding was present in most thalamic areas
but not in hippocampus of the monkey; Rubboli et al.
(1994) found binding at high levels in human hippocam-
pus and at low levels in human subiculum. Other autora-
diographic surveys performed in humans showed that
[12°T]a-bungarotoxin binding sites were clearly detected in
supragranular layers of cortex, hippocampus, hypothala-
mus, red nucleus, and thalamus but at very low level
except in reticular and lateral geniculate nuclei (Breese et
al., 1997; Spurden et al., 1997). In the present paper,
[*2*T]a-bungarotoxin binding was found to be high in neo-
cortex (particularly in layer I), hippocampus, and most
thalamic and hypothalamic nuclei and medial habenula,
and moderate in amygdala, septum, and some mesence-
phalic nuclei. Although these findings mostly agree with
previous monkey and human studies, a striking difference
between our data and human data in the thalamus is
evident.

A clear difference in labeling of thalamic nuclei is also
present between monkey and rodent brain, where [*2°T]a-
bungarotoxin binding was high in hippocampus, hypothal-
amus, some layers of neocortex, amygdala, lateral genic-

Fig. 3. Film autoradiograms of ['?’I]a-bungarotoxin (A,B) and
[*H]epibatidine (C,D) binding in the cingulate and frontal cortices at
levels Bregma +2 mm (A,C) and Bregma -9 mm (B,D). Note layer IV
of the cingulate cortex, almost absent in the area 24 (C), but clearly
visible in the area 23 (D). Arrow points to the retrosplenial areas.
Scale bar = 5 mm.

Fig. 4. Film autoradiograms of ['?°IJa-bungarotoxin (A) and
[®Hlepibatidine (B) binding in the hippocampus and lateral geniculate
at level Bregma —15 mm. Arrow points to the the reticular thalamic
nucleus. Cd, caudate nucleus; Hp, hippocampus; LG, lateral genicu-
late; PS, presubiculum; Pu, putamen; S, subiculum. Scale bar = 5
mm.

ulate nucleus, medial habenula, and interpeduncular
nucleus but almost absent from thalamus (Clarke et al.,
1985; Pauly et al., 1989; Zoli et al., 1998; Whiteaker et al.,
1999) or present only at weak levels (Harfstrand et al.,
1988). Overall, these findings suggest that [***T]a-
bungarotoxin binding distribution (and o7 mRNA expres-
sion; see Han et al.,, 2000) in the thalamus is highly
species specific in mammals, although a trend for an in-
crease in the density of this type of nAChR can be noted
for primate brain.

Previous studies have shown that, in mammalian brain,
a-bungarotoxin binds only to homomeric nAChRs contain-
ing a7 subunit (Séguéla et al., 1993; Chen and Patrick,
1997; Orr-Urtreger et al., 1997). The present data on the



Fig. 5. Autoradiograms of ['2°I]a-bungarotoxin (A), [*H]nicotine
(B), and [*H]epibatidine (C) binding in the striatum at level Bregma
+7 mm. The binding of [***I]a-bungarotoxin was revealed on a film,
whereas the binding of [*H]epibatidine and [*H]nicotine was revealed
with the B imager. Note that epibatidine labeling intensity in the
striatum corresponds to that present in layer IV, whereas nicotine
labeling intensity in the striatum corresponds to that of infra and
supragranular layers. Scale bar = 5 mm.
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distribution of [*?°I]a-bungarotoxin binding sites in the
brain confirm this notion, as they match well the broad
distribution of a7 subunit mRNA (Han et al., 2000). This
correspondence means that, overall, most of the
a-bungarotoxin binding sites are located in the somato-
dendritic compartment. This does not preclude the exis-
tence of some terminal populations of a7 receptors, as was
demonstrated in rodents for the terminals of prefrontal
pyramidal neurons located in the ventral tegmental area
(Schilstrom et al., 2000). Similarly, the sharp contrast
between the labeling of layers I and the labeling of II-III
could mean that a-bungarotoxin binding sites are located
mainly on corticocortical terminals. The more extensive
distribution of [***T]a-bungarotoxin binding sites parallels
the wider distribution of 7 mRNA in the monkey brain in
comparison with the rodent brain (Séguéla et al., 1993;
Han et al., 2000). This could indicate an increased func-
tional role of homomeric a7 receptors in primates.

Fig. 6. Film autoradiograms of [***I]a-bungarotoxin (A), [*H]epi-
batidine (B), [*H]cytisine (C), and [*Hlnicotine (D) binding in the
thalamus at level Bregma —14 mm. Arrow points to the reticular
thalamic nucleus. Arrowhead points to the fasciculus retroflexus. Cd,

caudate nucleus; CM, centromedian nucleus; LD, thalamic laterodor-
sal nucleus; MD, thalamic mediodorsal complex; MG, medial genicu-
late; R, red nucleus; V, thalamic ventral complex. Scale bar = 5 mm.

e

Fig. 7. Film autoradiograms of [*?*T]a-bungarotoxin (A,E), [*H]epibatidine (B,F), [*H]cytisine (C,®),
and [*Hlnicotine (D,H) binding in the habenular nuclei at level Bregma —16 mm and interpeduncular
nucleus at level —13;50 mm. Arrows point to the fasciculus retroflexus. IPN, interpeduncular nucleus;
LH, lateral habenula; MH, medial habenula; MD, thalamic mediodorsal complex. Scale bar = 5 mm.
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Fig. 8. Film autoradiograms showing the distribution of a2 (A)
and a4 (B) subunit mRNA in the thalamus at level Bregma —14 mm
(modified from Han et al., 2000). Film autoradiograms showing the
distribution of a4 (C) and a2 (D) subunits mRNA in the mouse

Correlation between the distribution of
nicotinic agonist binding and «2 subunit

In rodents, high affinity for nicotine at saturation is
attributed to receptors containing a4 and B2 subunits,
based on studies performed with mutant mice (Fig. 8).
Indeed nicotine concentrations similar to the one we used
in the present study did not reveal any autoradiographic
signal in a4~ or 327~ mice (Picciotto et al., 1995; Zoli et
al., 1998; Marubio et al., 1999; Ross et al., 2000). In sharp
contrast, in our study, we found a very weak signal for the
small nicotinic agonists in the regions where a4 but not a2
mRNA has been detected (Han et al., 2000). The most
striking example is the thalamic centromedian nucleus
shown in Figure 6, to be compared with Figure 8A,B. On
the contrary, binding for agonists is visible in the red
nucleus, whereas o2 but not «4 mRNA is present. One
possible explanation for this finding could be that a4*
(where the star means one or several other subunits)
nAChRs is mostly transported to nerve terminals,
whereas a2* nAChRs remain in the somatodendritic area.
Therefore, only the labeling of these latter receptors would
correlate with the expression of the mRNA. However, this
is unlikely. At least in rodents, there is a major colocal-
ization of 4 mRNA and a4 immunolabeling, in particular
in the thalamus (Rogers et al., 1998). Another possibility
is purely methodological. The dissociation constant at
equilibrium for small nicotinic ligands of monkey «4p2
receptors is unknown and could be lower than that of
rodent a4B2 receptors. The concentration of nicotinic ago-
nists used here may therefore be insufficient to visualize
this receptor subtype, and, as a consequence, most
[®H]epibatidine, [*Hlcytisine, and [*H]nicotine binding
would correspond to a2B2 rather than to a4pf2 nAChRs.
Finally, desensitization properties (allosteric transition
constants) could be such that not all «4p2 nAChRs are in
a desensitized state under our experimental condition,
decreasing the apparent affinity for the ligands.

Differences between rodent and primate
habenulointerpeduncular system

Although the binding sites for these three agonists have
very similar distributions in monkey brain, some excep-
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thalamus at level Bregma +1.7 m. Film autoradiograms of [*H]epi-
batidine binding in the thalamus of wild-type (E) and a4~~ (F) mice at
level Bregma +1.5 mm (modified from Marubio et al., 1999). Scale
bar = 5 mm.

tions are found, most notably for [*H]epibatidine, whose
labeling pattern is larger. The main difference was related
to the nuclei belonging to the cholinergic habenulointer-
peduncular system. [*Hlepibatidine binding was present
at a high level in the medial habenula and the interpe-
duncular nucleus as well as in the fasciculus retroflexus,
which connects the two structures. Conversely, only faint
labeling for [*H]nicotine and [*H]cytisine was observed in
the medial habenula and the fasciculus retroflexus,
whereas the interpeduncular nucleus displayed no detect-
able signal for nicotine (Fig. 7).

In rodents, however, binding for [*H]nicotine, [*Hlcy-
tisine, and [*H]epibatidine ranges from moderate to high,
both in the medial habenula and in the interpeduncular
nucleus (Clarke et al., 1985; Hirfstrand et al.,, 1988;
Happe et al., 1994; Zoli et al., 1998). The differences ob-
served between monkey and wild-type rodents could come
from the lower affinity of receptors containing a4 subunit
in the monkey (see above). Although «a4 subunit is
(weakly) expressed in the medial habenula (Fig. 9), a4-
containing receptors would not efficiently bind the ago-
nists. On the other hand, studies in a4~ and B2~ knock-
out mice (Fig. 8) showed that [*H]epibatidine strongly
labels «3/6B82/4* nAChRs in the habenula, the fasciculus
retroflexus, and the interpeduncular nucleus (Zoli et al.,
1998; Marubio et al., 1999). The remaining signal for
cytisine in the medial habenula and interpeduncular nu-
cleus of monkey could be due to a2B2* receptors but also
to a3/6p2*, exhibiting a lower affinity but present in a
large amount. ['2°T]a-bungarotoxin labels the lateral part
of the medial habenula, a localization that tallies well
with the pattern of expression of a7 subunit (Han et al.,
2000).

The neocortex displays a large
heterogeneity of binding patterns

The neocortex exhibited a large diversity of labeling
patterns both for the small ligands and for the bungaro-
toxin. A previous article reported a survey of the laminar
distribution of nicotine, cytisine, and epibatidine binding
in the human brain (Sihver et al., 1998). Despite the low
resolution of the images, the authors found, in agreement
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Fig. 9. Film autoradiograms showing the distribution of a2 (A), a3 (B), a4 (C), a6 (D), a7 (E), B2 (F),
B3 (G), and B4 (H) subunits mRNA in adjacent coronal sections of the habenular nuclei at level Bregma
—16 mm. Modified from (Han et al., 2000). Scale bar = 2.5 mm.

with the present study, widely variable laminar patterns
across cortical areas. However, the interpretation of the
two data sets diverges, with the main discrepancy regard-
ing the peak of labeling, generally attributed to layer III
and sometimes to layer V by those authors. There could be
a difference of nAChR distribution between the cortices of
humans and Old World monkeys. However, a completely
different laminar pattern is unlikely. Their layer determi-
nation was based on the percentage of cortical depth. This
criterion is misleading, because, in a laminar pleated
structure, such as a gyrencephalic cortex, the angle of
section affects the relative width of layers. For the pri-
mary auditory cortex, we unambiguously assigned the
strong agonist binding to layer IV [cf. Fig. 1 and Figs. 7, 8
of Morel et al. (1993)]. Within the cingulate cortex, a layer
strongly labeled by agonists in posterior area 23 is absent
in anterior area 24, suggesting that this labeling is indeed
present in layer IV.

The binding sites present in layer IV of primary sensory
cortices might reveal nAChRs expressed directly by the
cortical neurons or, instead, denote the existence of
nAChRs present on the afferents from the thalamic sen-
sory relays. The differential labeling intensity for nicotinic
agonists (strong labeling for epibatidine and cytisine but
only moderate labeling for nicotine) might depend on the
presence of a3/6-containing receptors. Conflicting results
have been reported on the presence of «3 mRNA in the
monkey thalamus (Cimino et al., 1992; Han et al., 2000),
and there are some reports on the presence of a3 in the
rodent embryonic or adult cortex (Wada et al., 1989; Zoli et
al., 1995). Overall, the available data are still scanty, and
the issue of composition and origin of nicotinic binding in
layer IV of the monkey neocortex will require further
investigation.

Conflicting reports have been published about «7
mRNA in the lateral geniculate, some authors detecting it
(Quik et al., 2000a) and others not (Han et al., 2000). The
primary visual cortex is the only cortical region where
bungarotoxin labels layer IV. The hypothesis of receptors
present on geniculate afferents is therefore plausible.

The strong and widespread labeling we observed for
a-bungarotoxin in cortical layer I revealed the presence of
an important population of a7 receptors in this area. They
can be presynaptic receptors, located on axons coming
from pyramidal neurons of layer II and III of the sur-
rounding, or more remote, areas, and/or postsynaptic re-
ceptors, located on the apical dendritic tufts of pyramidal
cells. In either case, a7-containing nAChRs could play a
major role in the modulation of the processing of various
signals in this layer, viewed as an integrating system.
Such an integration of signals could help in building a
global workspace (Dehaene et al., 1998) involved in the
resolution of effortful cognitive tasks.

Here we have described an extensive autoradiographic
mapping of [*H]nicotine, [*H]cytisine, [*H]epibatidine,
and [***I]a-bungarotoxin binding sites in the brain of the
rhesus monkey. Overall, the distribution of the binding
sites for nicotine, cytisine, and epibatidine is similar in
monkey and rodent brain. However, in the monkey, nico-
tinic agonist labeling correlates with the expression of a2,
rather than a4 subunit as in the rodent. Moreover, the
distribution of a-bungarotoxin binding sites, in agreement
with what was previously shown for the a7 subunit mRNA
(Han et al., 2000), is larger than that in the rodent brain,
suggesting that this nAChR subtype may have a more
important role in primates. Altogether, these findings
show that rodents are only imperfect models for under-
standing the function of nicotinic receptors in primate
brains and a fortiori in the human brain.
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