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Parkinson’s disease, a neurodegenerative movement disorder
characterized by selective degeneration of nigrostriatal dopa-
minergic neurons, affects ;1% of the population over 50. Be-
cause nicotinic acetylcholine receptors (nAChRs) may repre-
sent an important therapeutic target for this disorder, we
performed experiments to elucidate the subtypes altered with
nigrostriatal damage in parkinsonian monkeys. For this purpose
we used 125I-a-conotoxin MII (CtxMII), a relatively new ligand
that identifies a3 and/or a6 subunits containing nAChR sub-
types. In brain from untreated monkeys, there was saturable
125I-a-CtxMII binding to a single population of high-affinity
nicotinic sites (Kd 5 0.9 nM), primarily localized in the visual,
habenula-interpeduncular, and nigrostriatal–mesolimbic path-
ways. Administration of the selective dopaminergic neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine resulted in dam-

age to the nigrostriatal system and parkinsonism. Autoradio-
graphic analysis showed that 125I-a-CtxMII sites were selec-
tively reduced ($99%) in the basal ganglia and that the lesion-
induced decreases correlated well with declines in the
dopamine transporter, a marker of dopaminergic neuron integ-
rity. These findings may indicate that most or all of 125I-a-
CtxMII-labeled nAChR subtypes in the basal ganglia are
present on nigrostriatal dopaminergic neurons, in contrast to
125I-epibatidine sites. These data suggest that the development
of ligands directed to nAChR subtypes containing a3 and/or a6
subunits may yield a novel treatment strategy for parkinsonian
patients with nigrostriatal dopaminergic degeneration.

Key words: a-conotoxin MII; a3 nAChRs; a6 nAChRs; MPTP;
monkeys; autoradiography; nigrostriatal system; dopamine;
Parkinson’s disease

Accumulating evidence indicates that neuronal nicotine acetyl-
choline receptors (nAChRs) may be important in Parkinson’s
disease, a movement disorder characterized by degeneration of
the nigrostriatal dopaminergic system (Balfour and Fagerstrom,
1996; Quik and Jeyarasasingam, 2000). Nicotinic receptors are
present in the basal ganglia (Marks and Collins, 1982; Schwartz et
al., 1982, 1984; Clarke et al., 1985; Perry et al., 1987, 1995; Aubert
et al., 1992; Marks et al., 1992, 1996; Gotti et al., 1997; Court et
al. 2000), and nAChR stimulation evokes striatal dopamine (DA)
release (Grady et al., 1992; Marshall et al., 1997; Wonnacott,
1997). Moreover, nicotine and nAChR ligands modulate motor
control in rodents, monkeys, and humans (Ishikawa and
Miyatake, 1993; Fagerstrom et al., 1994; Schneider et al., 1998;
Domino et al., 1999; Kelton et al., 2000), possibly through acti-
vation of a4 and/or a6 containing nAChRs (Sorenson et al., 1998;
Arroyo-Jiminez et al., 1999; Le Novere et al., 1999; Ross et al.,
2000).

Not only does nicotinic receptor stimulation modulate locomo-
tor activity, but nicotine has also been reported to exert a neu-
roprotective role against dopaminergic damage both in culture
and in vivo (Janson et al., 1988; Carr and Rowell, 1990; Belluardo
et al., 1998; Maggio et al., 1998; Quik and Jeyarasasingam, 2000).
Moreover, over 50 epidemiological studies indicate that there is
an inverse relationship between tobacco use and Parkinson’s

disease (Morens et al., 1995; Balfour and Fagerstrom, 1996;
Gorell et al., 1999), with the risk of developing Parkinson’s
disease reduced from 20 to 80% in tobacco users.

Studies to investigate the nAChR subtypes that mediate the
effects of nicotine are important because these receptors repre-
sent potential targets for Parkinson’s disease therapy to amelio-
rate motor symptoms and/or protect against neurodegeneration.
nAChRs form a large family of ligand-gated cation channels with
diverse structures and properties (Changeux et al., 1998; Jones et
al., 1999; Lukas et al., 1999; Picciotto et al., 2000). Subunit
mRNAs present in basal ganglia include a2 to a7 and b2 to b4
(Gotti et al., 1997; Wonnacott, 1997; Quik et al., 2000a,b). There
is thus the potential for receptors with multiple subunit combi-
nations. However, our knowledge of the subtypes expressed in the
basal ganglia has been limited in part by the small number of
subtype-selective nAChR radioligands. The use of tritiated nico-
tine and cytisine provides some selectivity for a4- and b2-
containing receptors, whereas 125I-a-bungarotoxin and 3H-
methyllycaconitine selectively bind a7-containing receptors
(Gotti et al., 1997; Lukas et al., 1999; Whiteaker et al., 1999).
However, radiolabeled epibatidine is relatively nonselective for
different nicotinic receptor subtypes and may bind to receptors
containing a2 through a6 subunits (Perry et al., 1995; Davila-
Garcia et al., 1997).

125I-a-conotoxin MII (CtxMII) is a relatively new ligand that
appears to be selective for receptors containing a3 and/or a6
subunits (Cartier et al., 1996; Kulak et al., 1997; Luo et al., 1998;
McIntosh et al., 1999; Vailati et al., 1999; Kuryatov et al., 2000;
Whiteaker et al., 2000a). Because this represents a valuable new
tool to define a subset of nicotinic receptors, we initiated exper-
iments with 125I-a-CtxMII in normal and 1-methyl-4-phenyl-
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1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkey brain.
Monkeys were selected for study because the neuroanatomical
organization of both the basal ganglia and the nAChR subunit
mRNA distribution closely resemble that of humans. Moreover,
monkeys treated with the neurotoxin MPTP exhibit behavioral,
pathological, and neurochemical changes similar to those ob-
served in Parkinson’s disease (Langston et al., 2000; Quik et al.,
2000a,b,c).

MATERIALS AND METHODS
Animals. Twenty young adult male and female squirrel monkeys (Saimiri
sciureus) weighing from 0.595 to 0.752 kg were obtained from Osage
Research Primates (Osage Beach, MO). All animals were housed in a
13/11 hr light /dark cycle with ad libitum access to food and water. After
quarantine and testing according to standard veterinary practice, the
animals were randomly assigned to the control or MPTP treatment
groups. All procedures used in this study conform to the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee.

Behavioral testing and MPTP treatment. Quantitative activity assess-
ment was performed using a computerized movement monitor cage
containing an array of infrared sensors (Quik et al., 2000b). After an
initial acclimatization period, the locomotor activity of the monkeys was
monitored for a 1 hr period for 8–12 consecutive days, at the same time
daily. Then, the animals were assigned randomly to treatment with
MPTP (2 mg/kg, s.c.) or saline. Two to 3 weeks later, locomotor activity
was measured again as described above, and animals were rated by two
raters, one of whom was blinded, for motor deficits using a parkinsonian
rating scale for nonhuman primates (Langston et al., 2000). The disabil-
ity scores ranged from 0 to 20 in this scale, with 0 being normal and 20
very severely parkinsonian. The composite score was obtained using five
clinical parameters, each having a 5 point range with 0 being normal
(Langston et al., 2000). These include (1) spatial hypokinesia (reduction
in use of the available cage space), (2) body bradykinesia (increased
slowness in body movement), (3) manual dexterity, (4) balance, and (5)
freezing. If the total Parkinson score was ,3, the monkeys were given a
second injection of MPTP at a lower dose (1.75 mg/kg, s.c.) than the first
because our previous studies indicated that readministration of 2 mg/kg
occasionally (,5%) led to animal mortality. Two to 3 weeks after this
second MPTP injection treatment, locomotor motor activity and parkin-
sonism were determined again as described above. The monkeys were
killed 4 weeks after either the first or second MPTP injection. Ketamine
hydrochloride (15–20 mg/kg, i.m.) was administered to sedate the ani-
mals, followed by injection of 0.22 ml/kg intravenous euthanasia solution
(390 mg sodium pentobarbital and 50 mg phenytoin sodium/ml). All
procedures were performed in accordance with the recommendations of
the Panel on Euthanasia of the American Veterinary Medical Associa-
tion and conform to the NIH Guide for the Care and Use of Laboratory
Animals.

Tissue preparation. The brains were removed, rinsed, placed in a mold,
and cut into 6-mm-thick blocks that were frozen in isopentane on dry ice
and stored at 280°C. The blocks were cut into 20 mm sections using a
cryostat. The sections were thaw-mounted onto poly-L-lysine-coated
slides, dried, and stored at 280°C. The sections were thawed and used
directly for receptor and DA transporter autoradiography.

125I-a-CtxMII autoradiography. a-CtxMII was synthesized and iodin-
ated as previously described (Whiteaker et al., 2000a). Quantitative
autoradiography with 125I-a-CtxMII was performed using a similar
procedure as Whiteaker et al. (2000a). Sections were preincubated in
buffer [binding buffer containing (in mM): 144 NaCl, 1.5 KCl, 2 CaCl2, 1
MgSO4, 20 HEPES, 0.1% BSA, pH 7.5] plus 1 mM phenylmethylsulfonyl
fluoride at room temperature (RT) for 15 min. This was followed by a 2
hr incubation at room temperature in binding buffer plus 5% BSA, also
containing 5 mM EDTA, 5 mM EGTA, and 10 mg/ml each of aprotinin,
leupeptin, and pepstatin A, and 0.8 nM 125I-a-CtxMII, unless otherwise
indicated. After incubation with 125I-a-CtxMII, the slides were rinsed
for 30 sec in binding buffer at room temperature, followed by another 30
sec wash in ice-cold buffer (0°C), two washes for 5 sec in 0.13 binding
buffer (0°C), and two 5 sec washes at 0°C in water. Nonspecific 125I-a-
CtxMII binding was defined using 0.1 mM epibatidine. The sections were
then air-dried and apposed to Hyperfilm b-Max (Amersham, Mt. Pros-
pect, IL) for 2–4 d together with 125I standards.

[125I]RTI-121 autoradiography. 3b-(4-[ 125I]iodophenyl)tropane-2b-
carboxylic acid isopropyl ester ([ 125I]RTI-121; 2200 Ci/mmol; NEN,
Boston, MA) was used to identify DA transporters (Quik et al., 2000c).
Thawed sections were preincubated in buffer containing (in mM): 50
Tris-HCl, pH 7.4, 120 NaCl, and 5 KCl two times for 15 min at RT. This
was followed by a 2 hr incubation in the same buffer, also containing
0.025% BSA, 1 mM fluoxetine, and 50 pM [ 125I]RTI-121. The sections
were washed four times for 15 min at 4°C in preincubation buffer, dipped
in ice-cold water, air-dried, and placed against Hyperfilm b-film for 1–3
d with 125I-microscale standards. The uptake inhibitor nomifensine (100
mM) was used to define nonspecific binding. There was no binding of the
radiolabel to the tissue sections in the presence of nomifensin, with blank
binding being identical to the film background.

Quantitation and data analysis. The squirrel monkey (Saimiri sciureus)
atlas of Emmers and Akert (1963) was used for identification of the
different brain regions. Nissl-stained sections were used to identify brain
areas. The area delineating the appropriate regions was quantitated using
computer-assisted densitometry (ImageQuant; Molecular Dynamics,
Sunnyvale, CA) under standardized light and power conditions. Optical
densities of the film images were determined by subtracting background
from tissue values. The optical density values were converted to femto-
moles per milligram of tissue by interpolation from standard curves that
were generated from 125I standards exposed with the tissue sections. The
sample optical density readings for both the receptor and transporter
data were within the dynamic (linear) range of the film. The saturation
and competition data represent the results of three or four experiments,
using one or two tissue sections per experiment for each concentration of
radiolabeled 125I-a-CtxMII (saturation) or competing ligand. In all other
experiments, the value for the receptor binding for any brain region per
monkey was obtained by taking the average value from two to four
independent experiments, with one or two consecutive tissue sections
used in each experiment. All values are expressed as the mean 6 SEM
of the indicated number of animals. For statistical analysis, data were
evaluated by Student’s t test, where p # 0.05 was considered significant.
For saturation experiments, the Kd and Bmax values were determined
using GraphPad Prism (San Diego, CA). Values for Ki (inhibition bind-
ing constant) were derived by the method of Cheng and Prusoff (1973)
using the equation Ki 5 IC50/1 6 (L/Kd) and the GraphPad Prism
program. The data are expressed as mean 6 SEM and were compared
using Student’s t test or one-way ANOVA followed by Newman–Keuls
multiple comparison test.

RESULTS
125I-a-CtxMII binding sites are present in the visual,
habenular-interpeduncular, and dopaminergic systems
in control monkey brain
The autoradiographic distribution 125I-a-CtxMII binding at dif-
ferent rostral to caudal levels of the monkey brain is illustrated in
Figure 1. The highest specific 125I-a-CtxMII binding was ob-
tained in the habenular-interpeduncular pathway (Table 1).
Prominent labeling was also observed in the supraoptic decussa-
tion, superior colliculus, and lateral geniculate nucleus, areas
associated with the visual system. Moderate expression was de-
tected in the nigrostriatal dopaminergic pathway, with greater
binding in the caudate and putamen than substantia nigra. Similar
levels of binding were observed in mesolimbic dopaminergic
areas, including the nucleus accumbens, olfactory tubercle, and
ventral tegmental area. In addition, binding was identified at low
levels in various cortical areas, hippocampus, and septum (Table
1). Whiteaker et al. (2000a) obtained a similar distribution in
mouse brain, although the intensity of expression in different
brain areas appears to vary somewhat in the two species.
125I-a-CtxMII binds to receptors with nicotinic
characteristics in control monkey brain
Because of our interest in the nigrostriatal system, we focused on
the monkey caudate and putamen for the characterization work.
Saturation analysis (Fig. 2) showed that the binding of 125I-a-
CtxMII plateaued with a Kd of 0.93 6 0.14 nM (n 5 4) and 0.92
6 0.14 nM (n 5 4) for the caudate and putamen, respectively, and
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a Bmax for caudate of 2.28 6 0.30 fmol/mg tissue (n 5 4) and for
putamen of 1.93 6 0.13 fmol/mg tissue (n 5 4).

The potency of different drugs for inhibiting 125I-a-CtxMII
binding in the caudate and putamen was subsequently examined
(Table 2). Competition studies showed that 125I-a-CtxMII bind-
ing was displaced by picomolar concentrations of epibatidine
(0.08 6 0.03 nM, n 5 4), and low nanomolar concentrations
of cytisine (2.01 6 0.40 nM, n 5 3) and nicotine (2.87 6 0.21 nM,
n 5 4). Although the pharmacological characteristics of 125I-a-
CtxMII sites in the monkey brain closely resemble those in
the rodent, they were not identical. The Ki for epibatidine in the
monkey caudate putamen (0.08 nM) was similar to that in the
rodent striatum (0.11 nM). However, the Ki for cytisine (2.01 nM)
and nicotine (2.87 nM) in monkey caudate putamen were very

similar to each other, in contrast to rodent striatum in which the
values were significantly higher (23 nM for cytisine and 348 nM for
nicotine) and also an order of magnitude different (Whiteaker et
al., 2000a).

Figure 1. Autoradiographic distribution of 125I-a-CtxMII binding in
control monkey brain. Expression is observed predominantly in the
nigrostriatal and visual systems, as illustrated by representative sections
throughout the brain (14.0 mm anterior to the interaural line, A14.0; 12.0
mm, A12.0; 5.0 mm, A5.0; and 2.0 mm, A2.0). Nonspecific 125I-a-CtxMII
(CTX-NS) binding using 0.1 mM epibatidine is depicted in the set of brain
sections at the lef t, total 125I-a-CtxMII (CTX-Total ) binding is in the
center, and dopamine transporter (DAT ) binding ([ 125I]RTI-121) is at the
right. Cd, Caudate; Cx, cortex; LG, lateral geniculate nucleus; IP, inter-
peduncular nucleus; MH, medial habenula; NA, nucleus accumbens; OT,
olfactory tubercle; Put, putamen; SN, substantia nigra; SC, superior
colliculus; SOD, supraoptic decussation; VTA, ventral tegmental area.
Scale bar, 1.0 cm.

Table 1. Quantitative assessment of the distribution of 125I-a-CtxMII
in control monkey brain

Region

125I-a-CtxMII
(fmol/mg tissue)

Telencephalon
Neocortex

Frontal cortex 0.20 6 0.13 (6)
Parietal cortex 0.11 6 0.05 (4)
Temporal cortex 0.12 6 0.04 (4)

Rhinencephalon
Hippocampus 0.05 6 0.03 (4)
Olfactory tubercles 2.32 6 0.24 (4)

Basal ganglia
Nucleus accumbens 1.94 6 0.34 (4)
Caudate 1.81 6 0.24 (6)
Putamen 1.75 6 0.18 (6)
Substantia nigra 0.55 6 0.04 (4)
Ventral tegmental area 0.51 6 0.07 (4)

Septum
Nucleus of stria terminalis 0.58 6 0.06 (3)

Diencephalon
Dorsolateral geniculate nucleus 3.00 6 0.59 (4)
Ventrolateral geniculate nucleus 2.01 6 0.30 (4)
Medial habenula 6.52 6 0.56 (4)

Mesencephalon
Interpeduncular nucleus 9.42 6 0.82 (4)
Superior colliculus 5.78 6 1.39 (3)

Fiber tracts
Supraoptic decussation 7.49 6 0.39 (3)

Cerebellum Not detected

Coronal brain sections were prepared as described in Materials and Methods, and
125I-a-CtxMII binding was measured using a concentration of the radioligand at the
Kd value. Each value represents the mean 6 SEM of the number of animals in
parentheses.

Figure 2. Saturation binding of 125I-a-CtxMII to monkey caudate and
putamen. Sections were incubated with concentrations of 125I-a-CtxMII
ranging from 0.1 to 6.0 nM for 2 hr. Data points are means from four
experiments. For the caudate, the Kd 5 0.93 6 0.14 nM (n 5 4), and the
Bmax 5 2.28 6 0.30 fmol/mg tissue (n 5 4); for the putamen, the Kd 5
0.92 6 0.14 nM (n 5 4), and the Bmax 5 1.93 6 0.13 fmol/mg tissue (n 5 4).
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The nonselective nicotinic blocker D-tubocurarine inhibited
125I-a-CtxMII binding in the high nanomolar range (263 6 115,
n 5 3) in monkey striatum. Thus D-tubocurarine appears to
interact with a somewhat higher affinity at nicotinic receptors
labeled by a-CtxMII as compared with other nicotinic receptor
sites (Marks and Collins, 1982; Schwartz et al., 1982; Davila-
Garcia et al., 1997; Whiteaker et al., 2000b). Alternatively, it may
indicate a species difference between primates and rodents. This
observation, together with the finding described above that cy-
tisine and nicotine exhibit a similar Ki, may suggest that
a-CtxMII-sensitive sites in the monkey striatum represent a
unique population of nicotinic receptors.

The a7 receptor antagonist a-bungarotoxin had no effect up to
a concentration of 0.1 mM, nor did the muscarinic antagonist
atropine (at concentrations up to 100 mM). These experiments,
together with the results of the saturation analysis, suggest that
125I-a-CtxMII binds to a site(s) in monkey caudate and putamen
with the characteristics of an nAChR.

MPTP treatment results in nigrostriatal damage and
motor deficits
Monkeys were treated with the neurotoxin MPTP to selectively
damage the dopaminergic nigrostriatal system. The animals fell
into two groups, those with moderate and those with more severe
nigrostriatal damage that was assessed using the dopamine trans-
porter as a biochemical marker for the effectiveness of MPTP
treatment (Figs. 3, 4, 5). [ 125I]RTI-121 binding was reduced to 28
and 23% of control in the caudate and putamen, respectively, in
the moderate group and to 5% in both these regions in the
severely lesioned animals (Fig. 4). The DA transporter levels in
the substantia nigra were reduced to 56 and 49% of control in the
moderate and severe group, respectively (Fig. 5).

To evaluate the behavioral effects of MPTP treatment, animals
were tested for the development of parkinsonism and alterations
in baseline motor activity. The animals with moderate nigrostri-
atal damage exhibited very mild parkinsonism (1.57 6 0.32).
However, they showed a 39% decline in spontaneous locomotor
activity (most likely reflecting bradykinesia and hypokinesia), a
finding suggesting that measurement of motor activity using in-
frared activity monitoring may be a more sensitive index of
nigrostriatal damage. The animals with more severe nigrostriatal
damage had a more pronounced parkinsonian syndrome (7.75 6
0.89, of a total score of 20) with locomotor activity diminished by
91%. The control animals did not exhibit parkinsonian features,

and their locomotor activity was similar to the pretreatment
saline value.

MPTP treatment decreases 125I-a-CtxMII binding in
caudate, putamen, and substantia nigra
The effect of MPTP-induced nigrostriatal damage on 125I-a-
CtxMII binding in the caudate and putamen is depicted in the
autoradiograms in Figure 3 and quantitated in Figure 4. In the
severely lesioned group, 125I-a-CtxMII binding is eliminated,
whereas the dopamine transporter is reduced to ;5% of control.
In the animals with the moderate MPTP lesion, the DA trans-
porter and 125I-a-CtxMII binding were 28 and 5% of control,
respectively, in the caudate, and 23 and 7% of control, respec-
tively, in the putamen. As is evident, the decline in 125I-a-
CtxMII binding in caudate and putamen was significantly greater
than the decrease in the dopamine transporter ( p , 0.05), an
observation suggesting that the toxin binding sites are present on
a more vulnerable population of nigrostriatal dopaminergic
neurons.

Consistent with previous work (Quik et al., 2000c), declines in
the DA transporter were substantially less severe in the substantia
nigra than in the caudate putamen after MPTP treatment (Fig.
5). 125I-a-CtxMII binding sites in the substantia nigra decreased
to a similar extent as the DA transporter. In the moderately
lesioned animals, binding was reduced to 61% of control, and
binding of the DA transporter was reduced to 56% of control. For
the severely lesioned animals, binding sites were decreased to
50% of control, and the transporter was decreased to 49% of
control.

The MPTP-induced decline in 125I-a-CtxMII binding
occurs only in the basal ganglia
Despite an almost complete disappearance of sites in the caudate
and putamen and an approximate 50% reduction in the substantia
nigra, there were no declines in 125I-a-CtxMII binding sites after
MPTP treatment in other brain areas at similar anatomical levels
(Table 3). This includes the interpeduncular nucleus, medial

Table 2. Inhibition of 125I-a-CtxMII binding in monkey caudate and
putamen by cholinergic drugs

Drug

Ki (nM)

Caudate Putamen

Epibatidine 0.08 6 0.03 0.15 6 0.08
Conotoxin 0.73 6 0.18 1.20 6 0.65
Cytisine 2.01 6 0.40 1.80 6 0.75
Nicotine 2.87 6 0.21 1.67 6 0.54
D-tubocurarine 263 6 115 219 6 85
a-bungarotoxin .100 .100
Atropine .10,000 .10,000

Experiments were performed using a concentration of 125I-a-CtxMII at the Kd
value. Values for Ki (inhibition binding constant) were derived by the method of
Cheng and Prusoff (1973) using the equation Ki 5 IC50/1 1 (L/Kd) and GraphPad
Prism. Values represent the mean 6 SEM of three to four experiments.

Figure 3. Autoradiographic images showing the effect of MPTP admin-
istration on 125I-a-CtxMII binding and the DA transporter in caudate
putamen. Monkeys were treated with saline (CON ) or MPTP as de-
scribed in Materials and Methods and killed 4 weeks later. Note the
dramatic reduction in 125I-a-CtxMII binding after MPTP treatment in
parallel with the loss of dopamine transporter. Cd, Caudate; Put,
putamen.
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habenula, and lateral geniculate nucleus, regions that are located
at a similar level as the substantia nigra (A5.5 to A4.0). Similarly,
there are no changes in the supraoptic decussation present at the
level of the caudate putamen (A13.0 to A11.0). These results
indicate that the effects of the lesion were selective for the basal
ganglia.

Correlation between 125I-a-CtxMII binding sites and
the DA transporter in basal ganglia in control and
lesioned animals suggests a presynaptic localization
As an approach to assessing the relationship between 125I-a-
CtxMII binding sites and the DA transporter in the caudate,
putamen, and substantia nigra, correlation analysis was per-
formed for control and MPTP-lesioned animals (Fig. 6). The
results show that there was a good correlation between 125I-a-
CtxMII binding sites and the DA transporter in both the caudate
putamen (R2 5 0.80; p , 0.001) and substantia nigra (R 2 5 0.75;
p , 0.001).

DISCUSSION
The present results are the first to investigate the localization of
125I-a-CtxMII sites in monkey brain. They show that 125I-a-
CtxMII binds to an apparently homogenous population of high-
affinity (Kd 5 0.92 nM) nAChRs. The areas expressing 125I-a-
CtxMII sites are similar to those in the rodent (Whiteaker et al.,
2000a), although the intensity of binding in the various regions
differs between the two species. In monkey, the habenular-
interpeduncular system exhibited the greatest 125I-a-CtxMII
binding, followed by areas associated with vision, with similar
binding in the nigrostriatal and mesolimbic dopaminergic sys-
tems. In contrast, in rodents, the highest expression of 125I-a-

Figure 4. Quantitative assessment of the decline in 125I-a-CtxMII bind-
ing and the DA transporter in monkey caudate and putamen after mod-
erate (Mod) and severe (Sev) nigrostriatal damage. Each value represents
the mean 6 SEM of five to seven monkeys. Significance of difference from
control: ***p # 0.001.

Figure 5. 125I-a-CtxMII binding and the DA transporter in monkey
substantia nigra after moderate (Mod) and severe (Sev) nigrostriatal
damage. Each value represents the mean 6 SEM of four to five monkeys.
The declines in 125I-a-CtxMII binding were similar to those obtained for
the DA transporter. Significance of difference from control: **p # 0.01;
***p , 0.001.

Table 3. MPTP treatment selectively decreases 125I-a-CtxMII binding
in the basal ganglia

Region

125I-a-CtxMII binding
(fmol/mg tissue)

% controlControl MPTP

Caudate 1.81 6 0.23 0.047 6 0.031*** 2.2 6 1.7
Putamen 1.76 6 0.17 0.053 6 0.031*** 3.8 6 1.8
Substantia nigra 0.60 6 0.07 0.33 6 0.02*** 55 6 3.3
Interpeduncular nucleus 9.39 6 0.64 8.54 6 0.47 91 6 5
Medial habenula 6.16 6 0.39 6.12 6 0.34 99 6 6
Supraoptic decussation 7.49 6 0.39 7.14 6 0.50 95 6 7
Lateral geniculate nucleus 2.49 6 0.16 2.36 6 0.12 95 6 5

125I-a-CtxMII binding was quantitated for the indicated brain regions from control
and all MPTP-treated animals. Each value represents the mean 6 SEM of 4 to 13
animals. Significance of difference from control: ***p , 0.001.

Figure 6. Correlation between the distribution of the DA transporter
and 125I-a-CtxMII binding sites in the caudate putamen (lef t) and the
substantia nigra (right). For the caudate putamen, each symbol represents
the mean values for 7 control and 12 MPTP-treated animals. For the
substantia nigra, the symbols represent the mean values for four control
and nine MPTP-treated animals.
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CtxMII sites is in the visual system (Whiteaker et al., 2000a), with
a similar intensity of binding in the habenular-interpeduncular
pathway and the mesolimbic dopaminergic system, but a some-
what lower expression in the nigrostriatal pathway. These varia-
tions in expression between species are not uncommon (Quik et
al., 2000a,b) and may reflect differences in the relative functional
roles of these systems, for instance, the visual system in the rodent
as compared with the monkey.

The present data show that the lesion-induced declines in
125I-a-CtxMII sites parallel those in the DA transporter in both
the caudate putamen and substantia nigra. These data support the
contention that 125I-a-CtxMII binding sites and the DA trans-
porter share a similar cellular localization, specifically nigrostri-
atal dopaminergic neurons. The observation that the decline in
125I-a-CtxMII sites is somewhat greater than that in the DA
transporter most likely reflects a greater vulnerability to MPTP
of the dopaminergic neurons on which the 125I-a-CtxMII sites
reside (Schneider et al., 1987).

The marked declines in 125I-a-CtxMII sites in caudate and/or
putamen of moderately (93%) and severely (100%) lesioned
monkeys is in contrast to results obtained with other radioligands
in this brain area. 125I-epibatidine binding, which recognizes
a2–a6 subunits, is reduced by only 40–60% in animals with
moderate to severe nigrostriatal damage (Kulak and Quik, 2000;
Quik et al., 2000b), whereas 3H-cytisine, which may be selective
for a subset of 125I-epibatidine sites containing the a4 subunit, is
reduced by only ;30% (our unpublished observation). Further-
more, the sites labeled by 125I-a-bungarotoxin, which most likely
represent a7-containing nAChRs, are increased ;100% over
control in the caudate and putamen of severely lesioned animals
(Kulak and Quik, 2000). These observations suggest that 125I-a-
CtxMII is binding to a unique nAChR population in the caudate
and/or putamen that appears to be exclusively located on dopa-
minergic neurons, in contrast to other nAChR subtypes that show
a differential localization possibly on other neurotransmitter af-
ferents and/or postsynaptically on GABAergic or cholinergic
interneurons.

A question arises in regard to the nAChR subtype(s) identified
by 125I-a-CtxMII in monkey basal ganglia. Electrophysiological
studies in oocytes expressing nAChRs, binding experiments in
nAChR transfected cell lines, and work using rodent brain slices
or synaptosomes indicate that a-CtxMII acts on a3 and/or a6-
containing receptors (Cartier et al., 1996; Kulak et al., 1997; Luo
et al., 1998; McIntosh et al., 1999; Vailati et al., 1999; Kuryatov et
al., 2000; Whiteaker et al., 2000a). In the monkey, the a3 receptor
subunit mRNA appears to be expressed at very low levels in
substantia nigra (our unpublished observations) or not at all (Han
et al., 2000), whereas the a6 transcript is very prominently local-
ized primarily to the substantia nigra (Han et al., 2000; Quik et
al., 2000a,b), similar to the rodent (Le Novere et al., 1996). These
results suggest that the receptors identified by 125I-a-CtxMII in
monkey basal ganglia contain primarily the a6, rather than a3
nicotinic receptor subunit.

The b subunits with which the a6 (and/or possibly a3) subunit
combine to form functional receptors may include b2 and/or b3.
Evidence for this stems from rodent studies showing that b3
subunit knockout mice exhibit a decreased binding in 125I-a-
CtxMII, whereas animals not expressing the b2 subunit show a
complete absence of 125I-a-CtxMII sites (Allen et al., 1998;
Whiteaker et al., 1998). These data suggest that receptors com-
posed of a6b2 and/or a6b2b3 subunits are expressed in monkey
basal ganglia. With respect to a functional role of a6-containing

receptors, the recent work of Le Novere et al. (1999) indicates
that intraventicular administration of a6 antisense to rats modu-
lates locomotor activity, possibly by decreasing receptors contain-
ing the a6 nicotinic subunit. These data suggest that a6-
containing nAChRs may be involved, at least in part, in motor
control mediated through the nigrostriatal pathway.

In summary, this study shows that 125I-a-CtxMII binds to a
high-affinity nAChR population, likely containing the a6 subunit.
The decline in 125I-a-CtxMII binding sites after nigrostriatal
damage is selective to the basal ganglia with no changes in other
brain areas. The decrease in binding occurs in parallel with
changes in the DA transporter, a marker of dopaminergic neuron
integrity. This observation suggests that 125I-a-CtxMII sites are
selectively localized to dopaminergic neurons in the basal ganglia.
The dopaminergic neurons with 125I-a-CtxMII binding sites may
be particularly vulnerable to the effects of MPTP because the
decrease in toxin binding is generally more severe than that in the
DA transporter. These results suggest that receptor ligands di-
rected to a6-containing nAChRs may be important for Parkin-
son’s disease therapy to restore motor function and/or protect
against nigrostriatal damage.
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