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ABSTRACT
Nicotinic acetylcholine receptors (nAChR) are widely distributed in the central nervous

system, where they exert a modulatory influence on synaptic transmission. For the striatum,
pharmacological evidence supports the presence of presynaptic a3b2* and a4b2* nAChR that
modulate dopamine release from nigrostriatal terminals. The objective of this study was to
examine the precise subcellular distribution of the nAChR b2 subunit in these neurones and
its localisation at presynaptic sites. Double immunolabelling with tyrosine hydroxylase (TH)
at the confocal level revealed that the cell bodies and axon terminals (synaptosomes) of
nigrostriatal neurones were also immunoreactive for the nAChR b2 subunit. Double-
preembedding electron microscopy confirmed that b2-immunogold labelling was enriched in
TH-positive terminals in the dorsal striatum. Quantitative analysis of doubly immunogold-
labelled sections in postembedding electron microscopy showed that 86% of TH-positive
axonal boutons are also labelled for the nAChR b2 subunit, whereas 45% of b2 subunit-
immunolabelled boutons do not contain TH. Thus the b2 subunit is localised within at least
two populations of axon terminals in the dorsal striatum. In these structures, 15% of b2
subunit immunoreactvity was at the plasma membrane but was rarely associated with
synapses. These findings are compatible with functional presynaptic b2-containing nAChR
that may be stimulated physiologically by acetylcholine that diffuses from synaptic or
nonsynaptic sites of acetylcholine release. These results demonstrate the presynaptic local-
isation of an nAChR subunit in nigrostriatal dopaminergic neurones, providing morpholog-
ical evidence for the presynaptic nicotinic modulation of dopamine release. J. Comp. Neurol.
439:235–247, 2001. © 2001 Wiley-Liss, Inc.
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Neuronal nAChR are pentameric ligand-gated cation
channels that are widely distributed in the mammalian
brain, albeit at relatively low densities. Nine nAChR sub-
units (a3–a7; b2–b4) have been identified in the mamma-
lian central nervous system (CNS), giving the potential for
numerous nAChR subtypes with differing pharmacologi-
cal and biophysical characteristics (Role and Berg, 1996).
Identification of the subunit composition and precise sub-
cellular location of nAChR subtypes is critical to under-
standing the function of these receptors in the CNS and
for the design of pharmacological agents to treat condi-
tions in which nAChR are implicated. Therapeutic targets

for nicotinic ligands include smoking cessation and Par-
kinson’s disease (Decker and Arneric, 1999). Dopamine

Contract grant sponsor: Biological and Biotechnological Sciences Re-
search Council, United Kingdom; Contract grant number: 86/C09501; Con-
tract grant sponsor: Royal Society, United Kingdom; Contract grant num-
ber: 21565; Contract grant sponsor: Wellcome Trust; Contract grant
number: 049452.

*Correspondence to: S. Wonnacott, Department of Biology and Biochem-
istry, University of Bath, Claverton Down, Bath BA2 7AY, United King-
dom. E-mail: bsssw@bath.ac.uk

Received 21 February 2001; Revised 30 May 2001; Accepted 25 July 2001

THE JOURNAL OF COMPARATIVE NEUROLOGY 439:235–247 (2001)

© 2001 WILEY-LISS, INC.



neurotransmission in the “reward” and motor pathways is
a key element in these conditions, and nicotine and nico-
tinic agonists increase dopamine release from mesolimbic
and nigrostriatal neurones in vitro and in vivo (Wonna-
cott, 1997; Di Chiara, 2000). There are rather few cases in
which nAChR have been shown to mediate synaptic trans-
mission in the brain (Jones et al., 1999); the current con-
sensus is that nAChR may exert a predominantly modu-
latory influence on neuronal activity and transmitter
release (Role and Berg, 1996; Wonnacott, 1997). Nigrostri-
atal dopaminergic neurones have received considerable
attention in this context: The nigrostriatal pathway com-
prises neurones whose axons project from cell bodies in
the substantia nigra pars compacta (SNc) to the dorsal
striatum. There is ample evidence from in vitro experi-
ments on synaptosome preparations for the facilitation of
basal dopamine release by presynaptic nAChR on striatal
dopaminergic terminals (see, e.g., Rapier et al., 1990;
Grady et al., 1992; el-Bizri and Clarke, 1994; Soliakov and
Wonnacott, 1996, 2001). Somatodendritic nAChR can ex-
cite dopaminergic SNc neurones (Clarke et al., 1985; Pic-
ciotto et al., 1998; Klink et al., 2001) and may also exert a
modulatory influence, provoking sustained increases in
intracellular Ca21 (Tsuneki et al., 2000).

In the rat, most nAChR subunits (a3–a7 and b2–b4)
have been reported to be expressed in the SNc by using in
situ hybridisation (Wada et al., 1989, 1990; Le Novere et
al., 1996) or RT-PCR (Charpantier et al., 1998). Recently,
single-cell RT-PCR analysis of SN and ventral tegmentum
neurons led to the conclusion that all dopaminergic neu-
rons express mRNA for the a4 and b2 subunits, whereas
varying proportions of these neurons express a3, a5, a6,
a7, and b3 mRNA (Klink et al., 2001). Immunocytochem-
ical studies corroborate the localisation of several nAChR
subunit proteins in the rat SNc (Swanson et al., 1987; Hill
et al., 1993; Dominguez et al., 1994), with labelling of the
cell bodies and dendrites of dopaminergic neurones dem-
onstrated at the light/confocal (Goldner et al., 1997;
Arroyo-Jimenez et al., 1999) and electron microscopic lev-
els (Sorenson et al., 1998). Additionally, there is in vitro
pharmacological evidence for functional nAChR on cell
bodies of rat nigrostriatal neurones (Klink et al., 2001):
Two b2 subunit-containing subtypes were inferred from
their differential sensitivity to a-conotoxin-MII, in addi-
tion to a smaller population of a7 subunit-containing
nAChR (designated b2* and a7*, respectively). This inter-
pretation is corroborated in mouse SN by the absence of
responses in transgenic animals lacking expression of the
b2, a4, or a7 subunit (Tsuneki et al., 2000; Klink et al.,
2001).

The presence of at least two subtypes of nAChR on
nigrostriatal terminals has been inferred from the phar-
macological characterisation of the presynaptic nicotinic
modulation of dopamine release in vitro. One subtype,
which is sensitive to a-conotoxin-MII, is proposed to con-
tain a3 and b2 subunits (Kulak et al., 1997; Kaiser et al.,
1998), whereas the putative composition of the other sub-
type includes a4 and b2 subunits (Sharples et al., 2000).
Recent immunoconfocal studies support the presence of
the nAChR a4 and a3/a5 subunits in rat striatal synap-
tosomes (Nayak et al., 2000) and suggest that the two
subtypes are segregated to different axon terminals. How-
ever, the neurochemical identity of the labelled synapto-
somes was not established, and the low resolution of this

technique does not permit more subtle questions of local-
isation to be addressed.

We have chosen to focus initially on the localisation of
the b2 nAChR subunit, because this is the most abundant
subunit and is common to both of the putative nAChR
subtypes associated with dopamine terminals. The latter
view is consistent with the absence of nicotine-evoked
dopamine release in b2-null mutant mice (Picciotto et al.,
1998; Grady et al., 2001). Our preliminary immunoelec-
tron microscopy studies showed immunogold labelling of
synaptosomes, consistent with the nAChR b2 subunit on
the surface of a subpopulation of rat striatal axon termi-
nals (Wonnacott et al., 2000). As with the confocal studies
by Nayak and colleagues (2000), the neurochemical iden-
tity of these b2 subunit-containing axon terminals could
not be assessed easily in this protocol, and neither of these
approaches allows quantitative analysis. The aim of the
present study, therefore, was to determine the precise
subcellular localisation of the nAChR b2 subunit in rela-
tion to the dopaminergic axons and axon terminals in the
dorsal striatum, to provide ultrastructural evidence for
presynaptic b2 subunit-containing nAChR that can mod-
ulate dopamine release. To address this, double-labelling
experiments with antibodies against tyrosine hydroxylase
(TH) and b2 nAChR subunit were carried out at the con-
focal and electron microscopic levels.

MATERIALS AND METHODS

Animals

Twelve- to fifteen-week-old adult male Sprague Dawley
rats (250–350 g) from the in-house breeding colony at the
University of Bath were used in this study. All experi-
ments were performed within the guidelines given by The
Animals (Scientific Procedures) Act, 1986. For gel electro-
phoresis and synaptosome experiments, the rats were
killed by cervical dislocation, followed by decapitation,
and the brains quickly removed and dissected accordingly.
For tissue slices to be processed for microscopy, the rats
were deeply anaesthetised with chloral hydrate (350
mg/kg i.p.), perfused transcardially with 50 ml 0.1 M phos-
phate buffer (PB; pH 7.4) followed by 250 ml fixative, and
decapitated and the brains removed for processing.

Antibodies

Three antibodies raised against the nAChR b2 subunit
were used in this study; sc1449 (goat polyclonal; Santa
Cruz Inc., Santa Cruz, CA), mAb270 (rat monoclonal, gift
from Prof. J. Lindstrom, University of Pennsylvania), and
NARB2 (mouse monoclonal; Novocastra Laboratories
Ltd., Newcastle Upon Tyne, United Kingdom). Mouse
monoclonal anti-TH (mAb318) was purchased from
Chemicon International Inc. (Temecula, CA), and rabbit
polyclonal anti-TH (TZ1010) was from Affiniti Research
Products Ltd. (Exeter, United Kingdom). Biotin-,
peroxidase-, and fluorochrome-conjugated antibodies were
obtained from Vector Laboratories Inc. (Burlingame, CA).
Gold-conjugated antibodies were purchased from British
Biocell International Ltd. (Cardiff, United Kingdom). All
other chemicals were purchased from Sigma-Aldrich Plc.
(Poole, United Kingdom). Experiments were conducted at
room temperature unless stated otherwise.
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Peptide synthesis and antibody
preabsorbtion

The commercial goat polyclonal antibody sc1449 was
raised against a peptide corresponding to the C-terminus
of the human nAChR b2 subunit (LFQNYTTTTFLHSDH-
SAPSS) and affinity purified by the manufacturer. To
confirm the specificity of this antibody in studies on rat
tissues, preabsorption controls were performed using the
corresponding rat C-terminal peptide (LFQNYTATTFLH-
PDHSAPSS), which shares 90% identity with the human
peptide immunogen. The rat peptide was commercially
synthesised at the University of Bristol. For preabsorption
studies, sc1449 was incubated with a molar excess of the
rat peptide in phosphate-buffered saline (PBS), pH 7.4, for
1 hour on a rotator. The preabsorbed antibody was then
centrifuged at 10,000 rpm in a microfuge (Heraeus Instru-
ments, Osterode, Germany) for 5 minutes to remove any
particulate matter prior to use.

Immunoprecipitation

A freshly dissected rat brain was homogenised in 5
volumes of ice-cold lysis buffer (PBS), pH 7.4, containing
1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dode-
cyl sulphate (SDS), 100 mg/ml phenylmethylsulphonyl flu-
oride, 33 mg/ml aprotinin, and 1 mM sodium orthovana-
date and incubated at 4°C for 30 minutes. Following
centrifugation (15,000g for 20 minutes at 4°C), the super-
natant fraction (lysate) was diluted twofold in PBS con-
taining 2% bovine serum albumin and incubated at 4°C for
10 minutes. The sample was centrifuged as described
above and the supernatant incubated with sc1449 (1
mg/ml final concentration) at 4°C for 30 minutes. Next, 3
mg/ml rabbit anti-goat IgG was added to the sample and
incubated for a further 30 minutes. The immune complex
was “precipitated” by incubating the sample with 100
mg/ml protein A-sepharose at 4°C for 1 hour. The sample
was centrifuged as described above and the pellet washed
three times in PBS prior to boiling in 200 ml electrophore-
sis sample buffer (0.2 M Tris buffer, pH 6.7, containing
10% glycerol, 5% b-mercaptoethanol, 5% SDS, 200 mg/ml
bromophenol blue). Following centrifugation, the superna-
tant was loaded onto a 10% SDS-polyacrylamide gel,
which was run at 100 V, and then stained for protein
content using the standard Coomassie method. The gel
was subsequently recorded digitally using an Arcus II
scanner (Agfa, Brentford, United Kingdom) and labelled
in Photoshop 6.0 (Adobe, Uxbridge, United Kingdom) run-
ning on a standard personal computer.

SDS-PAGE and Western blotting

The SN and ventral tegmental area (VTA) were rapidly
dissected from the brains of three rats and homogenised in
lysis buffer as described above. Following centrifugation
(15,000g for 20 minutes at 4°C), the protein content of the
lysate was determined by the Bradford assay (Bio-Rad
Laboratories Inc., Hercules, CA) and diluted in lysis buffer
to give a protein concentration of 1 mg/ml. The lysate was
mixed with an equal volume of electrophoresis sample
buffer, boiled for 5 minutes, and loaded onto a 10% SDS
polyacrylamide gel, which was then run at 100 V. The gel
was transferred to a nitrocellulose membrane (Schleicher
and Shuell, Dassel, Germany) by Western blotting accord-
ing to standard techniques. The nitrocellulose membrane
was blocked in 4% nonfat milk powder (Bio-Rad Labora-

tories Inc.) in PBS for 1 hour, followed by incubation in
primary antibody (sc1449, 1 mg/ml) in PBS containing
0.2% Tween-20 (PBSTw) overnight at 4°C. After PBS
washes (3 3 10 min), the membrane was incubated in
secondary antibody (horseradish peroxidase-conjugated
anti-goat IgG; 1mg/ml) in PBSTw for 2 hours. The mem-
brane was washed as described above, and immunoreac-
tive protein bands were detected using the chemilumines-
cence technique (Amersham Pharmacia Biotech AB,
Uppsala, Sweden). The autoradiographic film was digi-
tally recorded and labelled as described above. Negative
controls were performed by incubating the membrane in
sc1449 preabsorbed with the rat C-terminal peptide or
omitting the primary antibody from the procedure.

Confocal microscopy (tissue)

Immunoconfocal microscopy was performed according
to the method of Arroyo-Jimenez et al. (1999). Anaesthe-
tised rats (n 5 3) were perfused with 250 ml 4% parafor-
maldehyde in PB, the brains removed, and 50 mm sections
through the SN and dorsal striatum collected using a
vibrating microtome. The sections were blocked for 1 hour
in 2% foetal calf serum in PBS containing 0.2% Triton
X-100 (PBST), followed by incubation in primary antibod-
ies (sc1449 at 5 mg/ml and mAb318 at 1/1,000 dilution) in
PBST overnight at 4°C. After PBS washes (3 3 10 min-
utes), the sections were incubated in fluorochrome-
conjugated secondary antibodies (anti-goat FITC and anti-
mouse Texas red, both at 1 mg/ml) in PBST for 2 hours.
The sections were washed as described above and
mounted on glass slides in VectorShield mountant (Vector
Laboratories Inc.) prior to viewing in a Zeiss LSM 510
confocal microscope. Images were labelled using the con-
focal software and recorded digitally. Controls were per-
formed by preabsorbing sc1449 with the rat C-terminal
peptide or by omitting one or both primary antibodies
from the procedure.

Confocal microscopy (synaptosomes)

Synaptosomes were prepared from freshly dissected stri-
ata of three rats and isolated on Percoll gradients according
to the method of Soliakov and Wonnacott (1996). The puri-
fied synaptosomes (fraction 4) were resuspended in gradient
buffer (5 mM HEPES buffer, pH 7.4, containing 320 mM
sucrose), fixed in 4% paraformaldehyde containing 0.1% sa-
ponin in gradient buffer, washed in PBS (3 3 10 minutes),
and then blocked in 2% foetal calf serum in PBS for 1 hour.
The synaptosomes were washed in PBS as described above
and then incubated in primary antibodies (sc1449 at 5 mg/ml
and mAb318 at 1/1,000 dilution) in PBS overnight at 4°C.
After PBS washes, the synaptosomes were incubated in
fluorochrome-conjugated secondary antibodies (anti-goat
FITC and anti-mouse Texas red, both at 1 mg/ml) in PBS for
2 hours. The synaptosomes were washed in PBS and sus-
pended in a drop of VectorShield mountant on glass slides
prior to viewing in a Zeiss LSM 510 confocal microscope.
Images were recorded as described above. Controls were
performed by omitting one or both primary antibodies from
the procedure.

Preembedding immunoelectron microscopy

Single-preembedding immunoelectron microscopy was
performed according to standard techniques (see Bernard
et al., 1997). Anaesthetised rats (n 5 5) were perfused
with 250 ml 3% paraformaldehyde plus 0.1% glutaralde-
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hyde in PB, the brains removed, and 70 mm sections
through the SN and dorsal striatum collected using a
vibrating microtome. The sections were cryoprotected in
PB containing 25% sucrose and 10% glycerol and then
subjected to three cycles of freeze–thaw in liquid nitrogen
to aid the penetration of immunoreagents into the tissue.
The sections were then blocked for 1 hour in 2% normal
rabbit serum in PBS prior to incubation in primary anti-
body (sc1449 at 5 mg/ml or mAb318 at 1/1,000 dilution) in
PBS overnight at 4°C. The sections were washed in PBS
(3 3 10 minutes) and incubated in secondary antibody
(biotin-conjugated anti-goat for sc1449 or mouse IgG at 1
mg/ml for mAb318) for 2 hours. After PBS washes, the
sections were incubated in an avidin-biotin-peroxidase
complex (ABC reagent; Vector Laboratories Inc.) for 1
hour and washed in PBS and immunoreactive sites re-
vealed by incubation with 0.005% hydrogen peroxide in
the presence of 660 mM diaminobenzidine in 0.05 M Tris
buffer, pH 7.4. The sections were washed in PB (3 3 10
minutes), postfixed in 1% osmium tetroxide in PB for 35
minutes, dehydrated through an ethanol series, and flat
embedded on microscope slides in Durcupan resin (Fluka
U.K.). The resin was cured at 60°C. Areas of interest were
cut from the sections and 60 nm ultrathin sections col-
lected onto nickel slot grids using an Ultracut E mic-
rotome (Leica Microsystems Inc., Bannockburn, IL). The
ultrathin sections were counterstained in 2% uranyl ace-
tate and lead citrate according to standard techniques and
viewed in a Jeol 1200EX transmission electron microscope
operating at 80 kV. Areas of interest were photographed
and micrographs prepared on glossy paper (MGIV; Ilford,
Knutsford, United Kingdom) in a dark room. Controls
were performed by preabsorbing sc1449 with the rat
C-terminal peptide or by omitting the primary antibody
from the procedure.

Double-preembedding immunoelectron microscopy was
performed according to the method of Bernard et al.
(1999). Tissue sections from three rats were prepared as
for single labelling prior to incubation in both primary
antibodies (sc1449 at 5 mg/ml and mAb318 at 1/1,000
dilution) in PBS overnight at 4°C. The sections were
washed in PBS (3 3 10 minutes) and incubated in second-
ary antibodies (1 nm gold-conjugated anti-goat IgG at
1/200 dilution and biotin-conjugated anti-mouse IgG at 1
mg/ml) in PBS overnight at 4°C. The sections were washed
in PBS and postfixed for 10 minutes in 1% glutaraldehyde
in PBS and the gold particles enhanced by incubation in
silver reagent (British Biocell) for 5 minutes. After PBS
washes, the sections were incubated in ABC reagent, and
immunoreactive sites were revealed by incubation with
diaminobenzidine and processed for electron microscopy
as described above. Controls were performed by omitting
one or both of the primary antibodies from the procedure.

Postembedding immunoelectron microscopy

Postembedding immunoelectron microscopy was per-
formed according to the methods of Baude et al. (1993) and
Fujiyama et al. (2000). Anaesthetised rats (n 5 3) were
perfused with 250 ml 3% paraformaldehyde plus 0.1%
glutaraldehyde in PB, the brains removed, and 0.5–1-mm-
thick slices of striatum collected using a vibrating mic-
rotome. The sections were slam-frozen on a copper plate
cooled in liquid nitrogen (MM80E; Leica Microsystems
Inc.) to preserve ultrastructure, freeze-substituted in
methanol, and embedded in resin (Lowicryl HM20; Agar

Scientific Ltd., Stanstead, United Kingdom) according to
the manufacturer’s instructions. The resin blocks were
polymerised under UV light, and ultrathin sections (60
nm) were cut using an Ultracut E microtome and collected
on gold mesh or nickel slot grids. The sections were etched
briefly (3 seconds) in a saturated solution of sodium eth-
anolate in absolute ethanol, washed in distilled water, and
blocked in 2% normal human serum in PBST for 1 hour.
The sections were then incubated in primary antibodies
(sc1449 at 10 mg/ml and mAb318 at 1/1,000 dilution) in
blocking solution overnight, washed in PBS (3 3 10 min),
and incubated in secondary antibodies (10 nm gold-
conjugated anti-goat IgG at 1/50 dilution and 18 nm gold-
conjugated anti-mouse IgG at 1/50 dilution) in blocking
solution containing 0.5% polyethylene glycol for 2 hours.
The sections were washed as described above, postfixed in
1% glutaraldehyde, counterstained in 2% uranyl acetate
and lead citrate according to standard techniques, and
examined in a Jeol 1200EX transmission electron micro-
scope operating at 80 kV. Photomicrographs of immuno-
labelled structures were obtained as described above. Con-
trols were performed by preabsorbing sc1449 with the rat
C-terminal peptide or by omitting one or both primary
antibodies from the procedure. In addition, TH double
labelling was carried out by coincubation of the sections
with two anti-TH antibodies (mAb318 at 1/1,000 dilution
and TZ1010 at 1/500 dilution) using 10 nm anti-rabbit IgG
and 18 nm anti-mouse IgG secondary antibodies (both at
1/50 dilution).

Analysis of immunogold labelling

Sections of double-preembedded dorsal striatum from
three rats were analysed independently by two investiga-
tors. Because immunogold labelling does not penetrate
tissue as far as diaminobenzidine labelling, all observa-
tions were made within 3 mm of the section surface to
avoid false-negative results. In this region, the propor-
tions of silver-enhanced immunogold particles within TH-
positive and TH-negative structures were recorded for
each rat using a random search pattern. In addition, the
mean percentage area occupied by TH-positive structures
in the same sections of the dorsal striatum was calculated
from electron micrographs (5 or 10 per rat at 21,0003).
The area occupied by the immunoreactive structures was
estimated using a digitising pad and NIH Image software
(NIH, Bethesda, MD). The proportion of b2 subunit im-
munogold particles associated with TH-positive structures
was compared to the percentage area that these TH-
positive structures occupy in the striatum.

Doubly postembedded sections of dorsal striatum from
two rats were analysed from micrographs (at 20,0003)
taken at random over the tissue. Immunolabelled axons
and axonal boutons in 10 3 1 mm2 random grids per rat
were characterised according to whether they were immu-
nopositive for the nAChR b2 subunit only, TH only, or
both proteins. Axonal boutons were identified on the basis
of their morphological characteristics, including size and
the presence of synaptic vesicles and mitochondria. A
structure was deemed immunoloabelled for either protein
if it contained a minimum of two immunogold particles for
the respective protein. In addition, the cytoplasm or
plasma membrane association of each b2 subunit immu-
nogold particle was recorded. Immunogold particles were
deemed “membrane-associated” if they touched or were
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within one immunogold particle diameter (10 nm) of the
plasma membrane.

RESULTS

Antibody characterisation

Three anti-nAChR b2 subunit antibodies (sc1449,
mAb270, and NARB2) were examined in this study. All
three antibodies showed comparable immunolabelling in
confocal experiments when the tissue was fixed in para-
formaldehyde alone. However, only the polyclonal anti-
body, sc1449, worked effectively in pre- and postembed-
ding electron microscopy, when glutaraldehyde, a
stronger fixative than paraformaldehyde, was used (albeit
at a low concentration of 0.1%). The inability of two of the
antibodies to bind to proteins in tissues fixed for electron
microscopy probably reflects the masking by glutaralde-
hyde of relevant antigenic epitopes on the nAChR b2
subunit. Therefore, only the results obtained with sc1449
are presented.

Sc1449 was raised against a 20-amino-acid peptide from
the extracellular C-terminal domain of the human nAChR
b2 subunit. The corresponding rat b2 subunit C-terminal
sequence (see Materials and Methods) shares 90% identity
with the peptide immunogen (18 of 20 amino acids), indi-
cating that there is a high probability that the antibody
will recognise the rat b2 subunit. There is not more than
5% identity between the peptide immunogen and any
other rat nAChR subunit (for example, 1 of 20 amino acids
with the a3 subunit). To confirm that sc1449 recognises
the rat b2 subunit, immunoprecipitation and Western blot
analyses of rat brain extracts were performed (Fig. 1). The
antibody immunoprecipitated a single protein band of 54
kDa (Fig. 1A), consistent with the predicted molecular
weight for the rat nAChR b2 subunit (Deneris et al.,
1988). A band of similar size was recognised on Western

blotting (Fig. 1B, lane i). No protein bands were detected
when sc1449 was preabsorbed with a molar excess of the
rat C-terminal peptide sequence or when the antibody was
omitted from the protocol (Fig. 1B, lanes ii, iii).

Immunoconfocal microscopy

The distributions of TH and nAChR b2 immunoreactiv-
ity were compared by using confocal microscopy in 50 mm
sections of rat SN and dorsal striatum. Within the SNc
(Fig. 2), all cell bodies and dendrites immunopositive for
TH (Fig. 2A) were also labelled by the anti-b2 subunit
antibody (Fig. 2B), as shown in the overlay (Fig. 2C, and at
higher magnification in Fig. 2D). A few displaced dopami-
nergic neurones were also immunopositive for both TH
and nAChR b2 subunit within the SNr. Preabsorbtion of
sc1449 with the rat C-terminal peptide corresponding to
the immunogen abolished b2 subunit immunoreactivity in
the SNc (not shown). Additional control experiments in
which sections were incubated in a single primary anti-
body followed by both secondary antibodies demonstrated
that there was no cross-reactivity between the secondary
antibodies and that the colocalisation observed was not
due to spectral crossover. No neurones immunopositive for
only TH or nAChR b2 subunit were observed in either the
SNc or the SNr (n 5 3 rats).

When the same technique was applied to the striatum,
no cell bodies were labelled by either the anti-TH or the
anti-nAChR b2 subunit antibodies (not shown). There
was, however, strong labelling of TH-containing axons
throughout the dorsal striatum by mAb318. In contrast

Fig. 1. Specificity of the anti-nAChR b2 subunit antibody sc1449
was confirmed by immunoprecipitation (A) and Western blot anal-
ysis (B). A: Coommassie-stained gel showing sc1449 immunopre-
cipitation of a 54 kDa protein, consistent with the b2 subunit
(Deneris et al., 1988), from whole rat brain lysate. B: Western blot
detection of a 54 kDa protein (lane i) from rat SN/VTA lysate. No
band was detected following preabsorbtion of the primary antibody
with the rat C-terminal peptide (lane ii) or omission of the primary
antibody (lane iii).

Fig. 2. Immunofluorescence confocal microscopy reveals the colo-
calisation of nAChR b2 subunit and TH in rat SNc. TH immunoreac-
tivity (A) and nAChR b2 immunoreactivity (B) in the same section.
C and D show overlay images of A and B. The nAChR b2 subunit and
TH are colocalised in the cytoplasm of cell bodies and processes within
the SNc. Staining is also seen in displaced dopaminergic neurones
within the substantia nigra pars reticulata (SNr). In the absence of
the primary antibodies, no immunofluorescence was detected. Scale
bars 5 200 mm in A–C, 20 mm in D.
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there was a weaker, diffuse labelling with the anti-b2
subunit antibody sc1449, which could not be unequivo-
cally attributed to axons or axon terminals at the resolu-
tion of the confocal microscope.

To address more directly the presence in axon terminals
of presumptive nAChR containing the b2 subunit, immu-
noconfocal analysis was applied to striatal synaptosomes
(Fig. 3). A small proportion of synaptosomes was immu-
nopositive for TH (Fig. 3A) and for the nAChR b2 subunit
(Fig. 3B). Superimposition revealed that many of the TH-
positive terminals also contained the b2 subunit (Fig. 3C,
yellow arrows). Some weakly labelled TH-containing
structures that were not positive for the b2 subunit were
also observed (Fig. 3C, red arrow), as well as a population
of b2-positive, TH-negative structures (not shown). Be-
cause of the aggregation of synaptosomes during process-
ing, it was not possible to perform accurate quantitative
analysis of the distribution of TH or b2 immunoreactivity,
but these experiments provide qualitative evidence for the
presence of the nAChR b2 subunit in dopaminergic termi-
nals within the rat striatum. For a more detailed analysis
of the precise subcellular localisation of nAChR b2 sub-
unit immunoreactivity, immunoelectron microscopy was
performed on sections of rat dorsal striatum and SNc.

Immunoelectron microscopy

Single-labelling studies, employing standard immuno-
peroxidase methods (Bernard et al., 1997), revealed b2
subunit immunoreactivity in cell bodies and dendrites
within the SNc (Fig. 4A,B) and axons and axon terminals
within the dorsal striatum (Fig. 4C–E). Although the neu-
rochemical identity of these neurones could not be deter-
mined, many of the labelled axon terminals in the dorsal
striatum formed symmetric synapses with dendritic
spines (illustrated in Fig. 4D), similar to those formed by
dopaminergic neurones (Fig. 4F). In addition, b2 subunit
immunoreactivity was also seen in a population of axon
terminals forming asymmetric synapses with dendrites
(Fig. 4E). No b2 subunit immunolabelling was seen when
sc1449 was preabsorbed with a molar excess of the rat
C-terminal peptide sequence or when the antibody was
omitted from the protocol (not shown).

To elucidate whether the TH and b2 subunit immuno-
reactivities are colocalised in the same structures, SN and

dorsal striatum sections were subjected to double preem-
bedding immunoelectron microscopy (Bernard et al., 1999)
using silver-enhanced gold particles to localise the nAChR
b2 subunit and diaminobenzidine to identify TH immuno-
reactive neurones (Fig. 5). In agreement with the confocal
observations (Fig. 2), the results clearly indicate that TH
and nAChR b2 subunit are colocalised in the same neuro-
nal cell bodies and dendrites within the SNc (Fig. 5A,B).
Control experiments (Fig. 5E–H), in which one of the
primary antibodies was omitted from the staining proce-
dure, reveal patterns of immunoreactivity comparable to
those in single-labelling experiments, demonstrating that
there is no cross-reactivity with either secondary anti-
body. When both primary antibodies were omitted from
the protocol, no immunolabelling was observed (not
shown). In the dorsal striatum, nAChR immunoreactivity
was localised within both TH-positive (Fig. 5C,D) and
TH-negative (not shown) axons and axon terminals.
Quantitative analysis of dorsal striatum sections from
three rats by two independent investigators revealed that
a mean of 17.5% of silver-enhanced gold particles was
associated with TH-positive structures (range 7–22%; four
observations per rat; n . 300 immunogold particles per
observation). The TH-positive structures occupied a mean
of 2.6% of the area of the sections analysed (range 1.3–
4.5%), indicating an average 6.7-fold enrichment of label-
ling by the silver-enhanced gold particles of TH-positive
structures compared with TH-negative structures (range
4.2–8.8-fold).

A major limitation of the preembedding technique is the
poor penetration of the immunoreagents through the sec-
tion. This is a particular problem for the gold-conjugated
antibodies, which penetrate only 3–4 mm into the section.
Consequently, all observations were made within 3 mm of
the section surface to avoid false-negative results. This
immunoreagent penetration problem and the possibility of
the silver reagent fusing several gold particles together
and masking the precise particle location make quantita-
tive analysis unreliable. To overcome this, we performed
postembedding immunoelectron microscopy on Lowicryl-
embedded dorsal striatum (Fig. 6). The advantage of this
technique is that immunolabelling is performed on the
surface of ultrathin sections, so antibody penetration is
not a limitation, and the precise subcellular location of

Fig. 3. Immunoconfocal microscopy reveals the presence of TH (A) and nAChR b2 subunit (B)
immunoreactivity within striatal synaptosomes. By overlaying the two images (C), it can be seen that a
proportion of the synaptosomes is labelled for both nAChR b2 subunit and TH (yellow arrows), whereas
others are labelled for TH only (red arrow). Scale bars 5 10 mm.
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immunogold particles can be established. In addition, sev-
eral different-sized immunogold particles can be used for
colocalisation studies. The major disadvantage is the poor

retention of morphology in freeze-substituted tissue,
which can hamper the identification of some cellular com-
ponents.

Fig. 4. Single preembedding immunoelectron microscopy reveals
the presence of TH and nAChR b2, indicated by deposition of electron-
dense diaminobenzidine reaction product (arrows) in the SNc and
dorsal striatum. A,B: nAChR b2 immunoreactivity in the cytoplasm of
a cell body (Cb) in A and peripheral to the endoplasmic reticulum (er)
in a proximal dendrite in B within the SNc. C–E: nAChR b2 immu-

noreactivity in axonal boutons (b) within the dorsal striatum. In C and
D, immunolabelled boutons are observed apposed to dendritic spines
(sp). In E, an immunolabelled bouton forms an asymmetric synapse
with a dendritic shaft (d). F: TH immunoreactivity in an axonal
bouton (b) apposed to a dendritic spine (sp) within the dorsal stria-
tum. Scale bars 5 500 nm in A,B, 200 nm in C,D,F, 100 nm in E.
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In agreement with the preembedding results, the
postembedding double-labelling experiments, employing
different sizes of immunogold particles, demonstrated co-
localisation of the nAChR b2 subunit and TH within axons
and axon terminals within the dorsal striatum (Fig. 6A–
D). In addition, as revealed by double-preembedding ex-
periments, b2 subunit immunoreactivity was observed in
a population of TH-negative axons and axonal boutons
that typically formed asymmetric synapses with dendrites
(Fig. 6E). No b2 subunit immunolabelling was seen when
sc1449 was preabsorbed with a molar excess of the rat
C-terminal peptide sequence (not shown). To confirm that
the double labelling observed is not due to cross-reactivity
between the secondary antibodies, control experiments
were performed in which tissue sections were incubated
with only one primary antibody, either anti-nAChR b2
subunit or anti-TH antibody, followed by incubation in
both secondary antibodies. The results (Fig. 6F,G) show
that only one size of immunogold particle is present on the
section in each case, demonstrating that that there is no
cross-reactivity between the antibodies. As an additional
control, to confirm the specificity of the anti-TH antibody,
double labelling for TH was undertaken using two differ-
ent anti-TH antibodies. The immunogold particles associ-
ated with each antibody were found to colocalise within
the same axons (Fig. 6H) and axon terminals. The nonre-
activity of the other anti-b2 subunit antibodies in the
presence of glutaraldehyde precluded a similar analysis
for the nAChR b2 subunit.

Quantitative analysis of the nAChR b2 subunit and TH
double labelling in sections from two animals shows that
66.6% of labelled axons were immunopositive for both
proteins, 8.8% for TH only, and 24.6% for b2 subunit only
(n 5 228 axons). Among the labelled axon terminals,
49.2% were immunopositive for both TH and b2 subunit,
7.7% for TH only, and 43.1% for b2 subunit only (n 5 130
axon terminals). This equates to 86% of TH-positive ax-
onal boutons containing the nAChR b2 subunit, whereas
45% of b2 subunit labelled boutons do not contain TH. The
majority of the b2 subunit immunogold particles was cy-
toplasmic (84.7%), with a smaller proportion (15.3%) as-
sociated with the cell membrane (i.e., touching the mem-
brane or within one gold particle diameter of it; n 5 1,209).
This contrasts with immunolabelling for TH, in which
only 3.9% (n 5 1,282) of immunogold particles was asso-
ciated with the cell membrane.

DISCUSSION

The objective of the present study was to define the
precise cellular and subcellular localisation of the nAChR
b2 subunit in the adult rat nigrostriatal pathway. To this
end, the nAChR b2 subunit was identified within the
cytoplasm and on membranes of dopaminergic cell bodies
and dendrites within the SNc and axon terminals within
the dorsal striatum. These data thus provide the first
ultrastructural corroboration for the presence of presyn-
aptic b2-containing nAChR on dopaminergic axonal bou-
tons in the striatum, previously inferred from pharmaco-
logical observations (Kulak et al., 1997; Kaiser et al., 1998;
Sharples et al., 2000; Grady et al., 2001).

Technical considerations

Both immunoconfocal and immunoelectron microscopy
were employed to address the question of nAChR b2 sub-
unit localisation in the nigrostriatal pathway. In using the
relatively mild fixation regime (paraformaldehyde alone)
required for confocal microscopy, three anti-nAChR b2
subunit antibodies (sc1449, mAb270, and NARB2) were
found to immunolabel neurones in confocal experiments,
compared to just one (sc1449) in electron microscopy ex-
periments, in which only relatively low levels of glutaral-
dehyde (0.1%) could be used. Higher glutaraldehyde con-
centrations, in which tissue is better preserved, were
found to be deleterious to immunoreactivity of the b2
subunit detected by sc1449 and therefore could not be
used in this study. The success of sc1449 in
glutaraldehyde-fixed tissue may be due to its polyclonal
nature, insofar as it has a better chance of recognising
unmasked epitopes on the b2 subunit than monoclonal
antibodies. However, the monoclonal anti-TH antibody
mAb318 is clearly effective in both pre- and postembed-
ding studies, as illustrated by double labelling with the
polyclonal anti-TH antibody TZ1010 (Fig. 6H). To confirm
the specificity of sc1449, which was raised to the
C-terminus of the human b2 subunit, in studies on rat
tissues, preabsorption experiments were performed using
a peptide corresponding to the C-terminus of the rat b2
subunit. Under all the fixation and incubation strategies
employed in this study, preabsorption abolished sc1449
immunoreactivity.

Two immunolabelling strategies were applied at the
electron microscopic level, where subcellular resolution is
achieved: single labelling with diaminobenzidine and dou-
ble labelling with diaminobenzidine and/or immunogold
particles. The localisation of proteins by the deposition of
diaminobenzidine reaction product is an extremely sensi-
tive technique as a result of the amplification of the signal
by the avidin-biotin-peroxidase complex. Single labelling
clearly showed b2 immunoreactivity in neuronal struc-
tures within the SNc and dorsal striatum (Fig. 4). How-
ever, in that the reaction product is diffusable within
these structures and has a particularly high affinity for
membranes, the precise subcellular distribution of pro-
teins cannot be deduced. In contrast, the use of immuno-
gold particles in postembedding studies allows the precise
subcellular distribution of proteins to be identified, be-
cause the gold particles do not diffuse within labelled
structures and remain in close association with the target
protein. Thus, a gold particle that is physically touching a
plasma membrane or is within one particle diameter of it
has been taken to represent membrane localisation.

Fig. 5. Double-preembedding immunoelectron microscopy reveals
the subcellular localisation of the nAChR b2 subunit within dopami-
nergic nigrostriatal neurones. nAChR b2 subunit immunoreactivity is
identified by silver-enhanced gold immunoparticles (some indicated
by arrows); TH immunoreactivity is identified by diaminobenzidine
reaction product. A,B: nAChR b2 subunit and TH colocalisation
within the cytoplasm of a cell body (cb; A) and dendrite (d; B) in the
SNc. C,D: nAChR b2 subunit and TH colocalisation within axonal
boutons (b) in the dorsal striatum. In C, the axonal bouton is closely
apposed to a dendritic spine (sp). E,F: Control experiments in which
the anti-TH antibody was omitted from the staining procedure. Note
that b2 subunit immunolabelling alone persists in a dendrite
(d) within the SNc (E) and an axon terminal apposed to a dendritic
spine (sp) within the dorsal striatum (F). G,H: Control experiments in
which the anti-nAChR b2 subunit antibody was omitted from the
staining procedure. Note that TH immunolabelling alone persists in a
dendrite (d) within the SNc (G) and an axon (a) within the dorsal
striatum (H). Scale bars 5 1 mm in B, 500 nm in A,E,G, 200 nm in
C,D,F,H.
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Figure 6



Controls conducted in parallel to the double-labelling
experiments included the omission of one or both of the
primary antibodies from the staining protocols. By leaving
out one of the primary antibodies, but incubating the
samples in both secondary antibodies, an estimation of the
cross-reactivity between these secondary antibodies could
be ascertained. Careful selection of secondary antibodies,
especially the host species, and adjustments to the block-
ing conditions were conducted during the development of
the experiments to ensure that secondary antibody cross-
reactivity was avoided (Figs. 5E–H, 6F,G). Omission of
both primary antibodies from the staining protocols re-
vealed negligible background labelling imparted by sec-
ondary and tertiary reagents. Again, this was achieved by
careful optimisation of reagent concentrations and block-
ing conditions.

Colocalisation of nAChR b2 subunit and TH
immunoreactivity in the SNc

The immunoconfocal (Fig. 2) and immunoelectron (Figs.
4, 5) microscopy studies, showing that the cell bodies and
dendrites of dopaminergic neurones within the SNc ex-
press the nAChR b2 subunit, are in agreement with data
from Sorenson et al. (1998). No neurones or processes
immunoreactive for the b2 subunit or TH alone were ob-
served, implying, first, that there are no nondopaminergic
neurones or afferents in the SNc expressing the b2 sub-
unit and, second, that all the nigrostriatal dopaminergic
neurones contain this nAChR subunit. Arroyo-Jimenez
and colleagues (1999) identified two populations of nAChR
a4 subunit-containing neurones within the SNc, one that
was TH-positive and a minor population that was TH-
negative. Our results suggest that the latter neuronal
population does not contain the b2 subunit. Klink et al.
(2001) recently presented biochemical and pharmacologi-
cal evidence for the presence of b2* nAChR on GABAergic
neurones in the rat SN. However, in that study, the pro-
portion of GABAergic neurones was found to peak at 16
days of age, and the prevalence of this phenotype was
suggested to be regulated developmentally. The present
examination was performed on tissue from 12–15-week-
old rats, in which b2-expressing GABAergic neurons may
have declined below detectable levels.

At the subcellular level, the nAChR b2 subunit was
found predominantly in the cytoplasm of TH-positive cell

bodies and dendrites within the SNc (Fig. 5). This label-
ling presumably represents the expression, assembly, and
trafficking of the b2 subunit to membrane destinations in
the SNc and striatum. Occasionally b2 subunit immuno-
labelling was observed to be associated with somatoden-
dritic membranes (seen in Fig. 5A,B,E), suggesting that
b2-containing nAChR may be present at these sites. This
is consistent with evidence for functional b2-containing
nAChR on rat and mouse SNc neurones (Picciotto et al.,
1998; Tsuneki et al., 2000; Klink et al., 2001). The nAChR
a4 subunit has previously been localised to the soma and
dendrite surface of nigrostriatal neurones (Arroyo-
Jimenez et al., 1999). That observation, together with the
present data, implies that some of the nAChR expressed
on the plasma membrane of dopaminergic neurones may
be of the a4b2* subtype, as proposed by Klink et al. (2001).

Localisation of nAChR b2 subunit
immunoreactivity in striatal axons and axon

terminals

The presence of the nAChR b2 subunit within the rat
dorsal striatum was suggested by a diffuse staining ob-
served in immunoconfocal analysis of labelled sections
(this study; Hill et al., 1993). In that no intrinsic striatal
neurones were b2 immunoreactive, this diffuse staining is
likely to represent the presence of the b2 subunit in affer-
ents projecting into, or through, the dorsal striatum. This
interpretation was also proposed by Swanson and col-
leagues (1987) to account for the moderate labelling of the
rat striatum by [125I]mAb270, now recognised to be a b2
subunit-specific antibody. The presence of the b2 subunit
in the striatum was confirmed by immunoconfocal micros-
copy of isolated axon terminals (synaptosomes; Fig. 3).
The results show that the b2 subunit is expressed in a
proportion of striatal synaptosomes, consistently with our
previous immunogold labelling of striatal synaptosomes
for the b2 subunit (Wonnacott et al., 2000). Colocalisation
with TH shows that many of these synaptosomes are
dopaminergic and therefore of nigrostriatal origin.

Immunoelectron microscopy permitted ultrastructural
verification of the presence of the b2 subunit in nigrostri-
atal axons and axonal boutons. Double-preembedding ex-
periments on sections of dorsal striatum demonstrated
that there is an average 6.7-fold enrichment of nAChR b2
immunogold particles in TH-positive axons and axon ter-
minals (data from three rats). This association was fur-
ther quantified by analysis of doubly postembedded sam-
ples, revealing that 86% of TH-positive axonal boutons in
the dorsal striatum contained the nAChR b2 subunit, with
a small proportion only singly labelled for TH. In that all
dopaminergic cell bodies within the SNc are immunoreac-
tive for the nAChR b2 subunit (Fig. 2), the absence of the
b2 subunit from a proportion of TH-positive axon termi-
nals may be a technical artefact, simply reflecting the low
density of nAChR in these structures. Alternatively, the
b2 subunit may be targeted to a subpopulation of dopami-
nergic terminals.

In addition to the double-labelled structures seen in
confocal and immunoelectron microscopy experiments,
single-labelled structures immunopositive for the b2 sub-
unit alone were also detected in the dorsal striatum (illus-
trated in Fig. 6E). In postembedded samples, a substantial
proportion (45%) of b2 subunit-labelled boutons was TH-
negative. These frequently differed morphologically from

Fig. 6. Subcellular localisation of nAChR b2 subunit (10 nm gold
particles, some indicated by arrows) and TH (18 nm gold particles,
some indicated by arrowheads) in axons (a) and axonal boutons (b) in
the dorsal striatum, revealed by postembedding immunoelectron mi-
croscopy. A–E: nAChR b2 and TH double labelling. F,G: Single label-
ling. H: TH double labelling with 10 nm (TZ1010) and 18 nm gold
particles (mAb318). A,B: Colocalisation of nAChR b2 subunit and TH
within axons (a). C,D: Colocalisation of nAChR b2 subunit and TH
within axonal boutons (b), one shown closely apposed to a dendritic
spine (sp) in D. E: b2 Subunit immunoreactvity within a TH-negative
axonal bouton (b) in asymmetric synaptic contact with a dendritic
spine (sp). F,G: Control experiments in which sections were incubated
in one of the primary antibodies (nAChR b2 subunit in F and TH in G)
but both of the secondary antibodies. Note that immunolabelling for
only one size of gold particle was present in the immunolabelled
axonal boutons (b) in each case, indicating that the secondary anti-
bodies do not cross-react. H: Double labelling of TH in an axon using
two different anti-TH primary antibodies. Scale bars 5 200 nm in
A–D,F–H, 100 nm in E.
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TH-positive axon terminals by forming asymmetric syn-
apses onto dendrites (see Fig. 6E; see also Fig. 4E). Al-
though the neurochemical identity of these axon terminals
could not be defined in these experiments, several neuro-
nal populations projecting into the striatum have been
shown to form this type of synapse, including corticostria-
tal and thalamostriatal glutamatergic afferents and sero-
tonergic afferents from the dorsal raphe nucleus (Bolam
and Bennett, 1995). The latter population is a good can-
didate for the b2-positive, TH-negative boutons; [3H]nico-
tine binding (which predominantly labels a4b2 nAChR) in
the rat striatum is decreased by serotonergic lesions
(Schwartz et al., 1984). Moreover, nicotine stimulates
5-hydroxytryptamine release from rat striatal synapto-
somes, consistent with the presence of nAChR on seroto-
nergic terminals (Reuben and Clarke, 2000). The unique
pharmacological profile of this response did not unequiv-
ocally define the subunit composition of the presynaptic
nAChR responsible; however, the a4b2 nAChR is one can-
didate.

Axonal boutons immunoreactive for both TH and the b2
subunit with the double-preembedding and -postembedding
techniques typically formed symmetric synapses with den-
dritic spines in the dorsal striatum. In these axonal boutons,
15.3% of b2 subunit immunoreactivity was associated with
the plasma membrane, in contrast to TH immunoreactivity,
where only 3.9% of immunogold particles were membrane
associated. Insofar as TH is a cytoplasmic enzyme, the value
of 3.9% is likely to be disproportionately high because larger
gold particles were used. The findings thus strongly indicate
that a proportion of the nicotinic receptor is associated with
the plasma membrane and could reflect surface expression of
functional b2-containing nAChR on axon terminals within
the dorsal striatum.

Immunolabelling for the b2 subunit with pre- and
postembedding techniques was rarely associated with the
synaptic specialisations of TH-positive terminals (Figs.
5C,D,F), suggesting a nonsynaptic role for b2-containing
nAChR. Quantitative analysis of this association was
hampered by the difficulty of identifying symmetric syn-
apses in postembedded material, resulting from the poor
retention of morphology and the relatively small size of
dopaminergic synapses in the dorsal striatum. In this area
of the brain, the source of the endogenous ligand, acetyl-
choline, is local interneurones. Analysis of choline acetyl-
transferase (ChAT)-immunostained terminals in the rat
striatum has revealed that these form synapses with
GABAergic medium spiny neurones (Wainer et al., 1984;
Izzo and Bolam, 1988), but axoaxonic synapses were
rarely observed (Izzo and Bolam, 1988). Other immuno-
electron microscopy studies have addressed the number of
synaptic contacts made by cholinergic varicosities. Such
analysis indicates that fewer than 10% of axon terminals
and varicosities have synaptic membrane differentiation.
This suggests a low frequency of synaptic contacts such
that, in addition to synaptic transmission, diffuse (para-
crine) transmission by acetylcholine is also likely to occur
(Descarries et al., 1997). Thus, stimulation of nAChR on
dopaminergic terminals may be by acetylcholine that has
diffused from sites of release. Future experiments with
nAChR subunits and cholinergic neurone markers, such
as ChAT, will be aimed to address this relationship di-
rectly.

The observation that essentially all dopaminergic ter-
minals are b2 immunoreactive, indicating that all termi-

nals bear nAChR, and the apparent extrasynaptic mem-
brane localisation of the b2 subunit, allow us to speculate
on the significance of presynaptic nAChR. Nigrostriatal
dopaminergic neurones possess highly branched innerva-
tion of the striatum, and it has been estimated that each
neurone forms between 2.5 3 105 and 5 3 106 synaptic
boutons (J.P. Bolam, unpublished observations). The pres-
ence of b2* nAChR on every bouton, coupled with the
proposed paracrine delivery of acetylcholine, would facili-
tate the co-ordination of nerve terminal activity in re-
sponse to cholinergic tone. Hence, a function of presynap-
tic nAChR might be to coordinate the diffuse regulation of
terminal arborisations. This would be achieved through
local depolarisation and through increases in intracellular
Ca21 (Soliakov et al., 1995; Soliakov and Wonnacott,
1996) that, in addition to facilitating transmitter release,
may also interface with intracellular signalling cascades
(see, e.g., Soliakov and Wonnacott, 2001) to regulate di-
verse aspects of neuronal activity. Similar dual modes of
activation, through depolarisation and Ca21 signalling,
are also mediated by b2* nAChR on the soma of these
neurones (Picciotto et al., 1998; Tsuneki et al., 2000).
Hence, nAChR may serve comparable modulatory roles at
the somatodendritic and axon terminal levels.

In summary, the demonstration of nAChR b2 subunit
immunoreactivity on nigrostriatal dopaminergic termi-
nals provides an anatomical substrate for the pharmaco-
logical evidence for presynaptic nAChR that modulate
dopamine release in the striatum. The b2 subunit is lo-
calised predominantly at nonsynaptic sites on dopaminer-
gic axon membranes in the striatum, where it may partic-
ipate in functional nAChR responding to acetylcholine
released in a paracrine manner. The ability to localise
precisely, in a single section, an nAChR subunit and a
neurochemical marker of the cellular element in which
they are located represents an important development in
the elucidation of the precise composition and distribution
of nAChR subtypes in the circuitry of the basal ganglia.
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