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ABSTRACT
Nicotinic acetylcholine receptors (nAChRs) are decreased in
the striata of patients with Parkinson’s disease (PD) or in ex-
perimental models after nigrostriatal damage. Because presyn-
aptic nAChRs on striatal dopamine terminals mediate dopa-
mine release, receptor loss may contribute to behavioral
deficits in PD. The present experiments were done to determine
whether nAChR function is affected by nigrostriatal damage in
nonhuman primates, because this model shares many features
with PD. Initial characterization of nicotine-evoked [3H]dopa-
mine release from monkey striatal synaptosomes revealed that
release was calcium-dependent and inhibited by selective
nAChR antagonists. It is noteworthy that a greater proportion
(�70%) of release was inhibited by the �3*/�6* antagonist
�-conotoxinMII (�-CtxMII) compared with rodents. Monkeys
were lesioned with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), and [3H]dopamine release, dopamine transporter,

and nAChRs were measured. As anticipated, lesioning de-
creased the transporter and �3*/�6* nAChRs in caudate and
putamen. In contrast, �3*/�6* nAChR-evoked [3H]dopamine
release was reduced in caudate but not putamen, demonstrat-
ing a dissociation between nAChR sites and function. A differ-
ent pattern was observed in the mesolimbic dopamine system.
Dopamine transporter levels in nucleus accumbens were not
reduced after MPTP, as expected; however, there was a 50%
decline in �3*/�6* nAChR sites with no decrease in �3*/�6*
receptor-evoked dopamine release. No declines in �-CtxMII-
resistant nAChR (�4*) binding or nicotine-evoked release were
observed in any region. These results show a selective preser-
vation of �3*/�6* nAChR-mediated function in the nigrostriatal
and mesolimbic dopamine systems after nigrostriatal damage.
Maintenance of function in putamen, a region with a selective
loss of dopaminergic terminals, may be important in PD.

Parkinson’s disease (PD) is characterized by motor and
cognitive deficits and is manifested by reductions in dopami-
nergic neurons in substantia nigra and dopamine levels
in striatum (Olanow, 2004). PD is also associated with
decreases in striatal nicotinic acetylcholine receptors
(nAChRs), including those containing �4*, �3*, and/or �6*
but not �7* subunits (* denotes nicotinic receptors containing
the indicated � and/or � subunit and also additional unde-
fined subunits; Quik, 2004). Similar declines in nAChRs in
Parkinsonian animal models support these findings (Quik et

al., 2001, 2002, 2003; Champtiaux et al., 2002; Kulak et al.,
2002; Zoli et al., 2002).

Receptor binding and immunoprecipitation studies have
revealed multiple nAChR subtypes on striatal dopaminergic
terminals, including both �4* and �6* in rodents (Klink et
al., 2001; Champtiaux et al., 2002, 2003; Zoli et al., 2002; Cui
et al., 2003) and �3*, �4*, and �6* in monkeys (Kulak et al.,
2002; Quik et al., 2001, 2002, 2005). In monkey, moderate
nigrostriatal damage induced by the dopaminergic toxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) pref-
erentially affects receptors sensitive to �-conotoxinMII (�-
CtxMII) or �3*/�6* nAChRs (refers to receptors containing
�3 and/or �6 subtypes; Kulak et al., 2002; Quik et al., 2002).
The function of nAChRs is of particular interest to PD be-
cause of their presence on dopamine nerve terminals. In
mammalian brain, nicotine stimulates dopamine release by
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acting on nAChRs on striatal dopamine terminals and soma-
todendritic receptors in the substantia nigra (Rapier et al.,
1990; Pidoplichko et al., 1997; Wonnacott, 1997; Wonnacott
et al., 2000; Grady et al., 2001).

Recent studies using nAChR-null mutant mice and sub-
type-selective �-conotoxins suggest that both �6* (�-CtxMII-
sensitive) and �4* (�-CtxMII-resistant) nAChRs contribute
to nicotine-evoked dopamine release in striatum (Champ-
tiaux et al., 2003; Cui et al., 2003; Salminen et al., 2004;
Azam and McIntosh, 2005). Whereas the specific nAChR
populations reduced by nigrostriatal damage have been iden-
tified, the effect of these receptor losses on nAChR function is
much less clear with only one report in rodent to date. This
work showed that MPTP lesioning reduced dopamine release
in mouse striatum with the �6* and �4�2 populations
equally affected (Quik et al., 2003).

The aim of the present study was to determine the func-
tional relevance of nAChR declines after nigrostriatal dam-
age in a nonhuman primate model of PD. At a molecular
level, the nAChR composition in human striatum may ex-
hibit a closer resemblance to that in nonhuman primates
because striatal �-CtxMII-sensitive �3* nAChRs have been
identified in monkey and human but not rodent striatum
(Champtiaux et al., 2002; Whiteaker et al., 2002; Quik, 2004).
We first characterized nicotine-evoked [3H]dopamine release
from monkey striatal synaptosomes. Thereafter, changes in
dopamine release, nAChR binding, and dopamine trans-
porter levels were measured after administration of MPTP.
Because a loss of dopamine receptors in nucleus accumbens
may be observed in PD (Hornykiewicz, 1998) and is associ-
ated with other features of the disease, such as depression or
anhedonia, we also measured changes in nAChR binding and
function in this region. Our findings reveal a selective pres-
ervation of �-CtxMII-sensitive nAChR function after nigro-
striatal damage.

Materials and Methods
Materials. The radioligands [3H]dopamine (3,4-[ring-2,5,6-3H];

30–60 Ci/mmol), [125I]RTI-121 (2200 Ci/mmol), and 125I-epibatidine
(2200 Ci/ mmol) were obtained from PerkinElmer Life and Analytical
Sciences (Boston, MA). �-CtxMII was synthesized as described by
Cartier et al. (1996) and labeled with 125I (Whiteaker et al., 2000).
HEPES was purchased from Roche Applied Science (Indianapolis,
IN), and Econo-Safe and BudgetSolve scintillation cocktail were
purchased from Research Products International (Mount Prospect,
IL). The following compounds were obtained from Sigma Chemical
(St. Louis, MO): �-bungarotoxin, ascorbic acid, bovine serum albu-
min, MPTP, mecamylamine HCl, (�)-nicotine tartrate, nomifensine,
pargyline, and sucrose.

Animals. Female squirrel monkeys (Saimiri sciureus) were pur-
chased from Osage Research Primates (Osage Beach, MO) or the
Primate Research Laboratory at the University of South Alabama
(Mobile, AL). Animals weighing between 0.5 and 0.7 kg were housed
in a room with a 13-h/11-h light/dark cycle. Immediately after ar-
rival, the monkeys were quarantined and tested according to stan-
dard veterinary practice. The monkeys had free access to water and
were given food once daily. Procedures conformed to National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
guidelines and were approved by the Institutional Animal Care and
Use Committee.

Drug Treatment and Behavioral Evaluation. After an accli-
mation period, monkeys were randomly assigned to treatment with
a single saline or MPTP injection (1.75–2 mg/kg s.c.). Two to four

weeks after saline or MPTP injection, animals were rated for par-
kinsonism using a modified Parkinson rating scale for the squirrel
monkey (Quik et al., 2001). The disability scores ranged from 0 to a
maximum of 20 for a severely parkinsonian animal. Animals were
rated for parkinsonism by assessment of 1) spatial hypokinesia (re-
duction 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 animals were not parkinsonian (rat-
ing score �3), they were administered a second MPTP injection. Our
previous experience indicated that some animals were more resis-
tant to the effects of MPTP, possibly because of differences in phar-
macokinetics or metabolism of MPTP. The second dose of MPTP
(1.75 mg/kg) was a somewhat lower dose than that originally admin-
istered, because previous studies showed that the animals were more
susceptible to the toxic effects of MPTP upon its readministration. A
second injection to these animals led to declines in dopaminergic
measures similar to that in the more sensitive animals. Parkinson-
ism was again assessed. The monkeys were euthanized 2 to 4 weeks
after the final MPTP administration, at which time the effects of the
lesion were maximal with little regeneration (Stanic et al., 2003; Lai
et al., 2004).

Tissue Preparation. Animals were euthanized in accordance
with the recommendations of the Panel on Euthanasia of the Amer-
ican Veterinary Medical Association and conforming to the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals. Ketamine hydrochloride (15–20 mg/kg i.m.) was administered
for sedation approximately 5 min before a lethal i.v. injection of 0.22
ml/kg euthanasia solution (390 mg/ml sodium pentobarbital and 50
mg/ml phenytoin sodium). The brains were then immediately re-
moved and divided along the midline. One half of each brain was
placed in a mold and cut into 6-mm thick blocks that were frozen in
isopentane on dry ice and stored at �80°C for the autoradiographic
studies. The other half was sliced into 2-mm sections. Brain regions,
including medial caudate, ventral putamen, and nucleus accumbens,
were dissected from sections between 15 and 13.5 mm anterior to
bregma, according to a squirrel monkey atlas (Fig. 1; Emmers and
Akert, 1963). These subregions of the caudate and putamen were
selected because they have a greater proportion of �-CtxMII-sensi-
tive nAChR-binding sites (Quik et al., 2002). For the autoradio-
graphic studies, 20-�m sections were cut from the 6-mm blocks using
a cryostat (Leica Microsystems, Inc., Deerfield, IL) cooled to �15°C.
After thaw-mounting onto Superfrost Plus slides (Fisher Scientific
Co., Pittsburgh, PA), sections were air-dried and stored at �80°C.

[3H]Dopamine Release from Synaptosomes. The procedure
for measuring nicotine-evoked [3H]dopamine release from synapto-
somal preparations of control and lesioned tissue was adapted from
the method of Grady et al. (2001). Portions of medial caudate (20–40
mg wet weight), ventral putamen (20–40 mg), and nucleus accum-
bens (12–25 mg) were each homogenized (20 strokes by hand) using
a glass Teflon homogenizer in a 2-ml volume of ice-cold sucrose (0.32
M) buffered with 5 mM HEPES, pH 7.5. To stay within a linear range

Fig. 1. Schematic representation of regions used to measure evoked
[3H]dopamine release from monkey brain: medial portion of caudate
(MC); the ventral portion of putamen (VP); and the nucleus accumbens
(NAC).
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of release, a 0.5- to 2-mg tissue aliquot was used for each sample
(filter). The homogenized tissue was centrifuged at 12,000g for 20
min to obtain a P1 pellet. Pellets were then resuspended in 0.8 ml of
uptake buffer containing 128 mM NaCl, 2.4 mM KCl, 3.2 mM CaCl2,
1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM HEPES, pH 7.5, 10 mM
glucose, 1 mM ascorbic acid, and 0.01 mM pargyline.

Synaptosomes were incubated in uptake buffer for 10 min at 37°C,
and then 100 nM [3H]dopamine was added (4 �Ci for 0.8-ml synap-
tosomes), and incubation continued for an additional 5 min. An 80-�l
aliquot of synaptosomes (approximately 0.5–2 mg of tissue) was then
pipetted onto 5-mm-diameter A/E glass fiber filters (Gelman Instru-
ment Co., Ann Arbor, MI) mounted on polypropylene platforms.
Filters were perfused with uptake buffer [plus 0.1% bovine serum
albumin (BSA) and 10 �M nomifensine] for 10 min at a rate of 1
ml/min before fractions of release were collected. Release was stim-
ulated by an 18-s exposure to 20 mM K� or 0.001 to 100 �M nicotine.
Some filters were perfused with 50 nM �-CtxMII or 100 �M
mecamylamine for 3 min just before the nicotine exposure. For
experiments with �-bungarotoxin, synaptosomes were incubated
with or without 1 �M toxin for 30 min at 37°C before the addition of
[3H]dopamine. For each filter, 15 fractions (18 s) were collected,
which included fractions of basal release before and after the stim-
ulated release. Econosafe cocktail was added to the vials, and radio-
activity was determined by scintillation counting on a Beckman
LS6500 counter (Fullerton, CA).

[125I]RTI-121 Autoradiography. Dopamine transporter binding
was measured using [125I]RTI-121 (2200 Ci/mmol; PerkinElmer Life
and Analytical Sciences) as described previously (Quik et al., 2001).
Frozen sections were thawed and then incubated twice for 15 min
each at room temperature in 50 mM Tris-HCl, pH 7.4, 120 mM NaCl,
and 5 mM KCl. Sections were incubated next for 2 h in buffer with
0.025% BSA, 1 �M fluoxetine, and 50 pM [125I]RTI-121. Nonspecific
binding was determined using 100 �M nomifensine. Sections were
washed four times at 0°C for 15 min each in buffer and once in
ice-cold water, air-dried, and exposed for 2 days to Kodak MR film
(PerkinElmer Life and Analytical Sciences) with 125I microscale
standards (Amersham Biosciences, Piscataway, NJ).

125I-�-CtxMII Autoradiography. �-CtxMII was iodinated
(Whiteaker et al., 2000), and receptor autoradiography was per-
formed as described previously (Quik et al., 2001). Thawed sections
were first incubated at room temperature for 15 min in 20 mM
HEPES buffer, pH 7.5, containing 144 mM NaCl, 1.5 mM KCl, 2 mM
CaCl2, 1 mM MgSO4, 0.1% BSA, and 1 mM phenylmethylsulfonyl
fluoride. This was followed by 1-h incubation with 125I-�-CtxMII (0.5
nM) at room temperature in buffer with 0.5% BSA, 5 mM EDTA, 5
mM EGTA, and 10 �g/ml each of aprotinin, leupeptin, and pepstatin
A. Slides were washed for 30 s in 1� HEPES buffer at room temper-
ature, 30 s in ice-cold 1� buffer, twice for 5 s each in 0.1� buffer
(0°C), and twice for 5 s each at 0°C in deionized water. Nonspecific
125I-�-CtxMII binding was determined using 0.1 �M epibatidine. The
sections were then air-dried and exposed to Kodak MR film with 125I
standards for 2 to 5 days.

[125I]Epibatidine Autoradiography. Binding was performed as
described previously (Perry and Kellar, 1995). Sections were thawed
and incubated at room temperature for 40 min in buffer containing
50 mM Tris, pH 7.0, 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, and
1.0 mM MgCl2 plus 0.015 nM 125I-epibatidine (2200 Ci/mmol;
PerkinElmer Life and Analytical Sciences). Inhibition by �-CtxMII
was performed with 0.1 �M added to the incubation buffer, and
incubation continued for an additional 40 min. Nonspecific binding
was defined using 0.1 mM nicotine. After incubation, sections were
washed twice for 5 min each in incubation buffer at 4°C and once for
10 s in ice-cold water. After drying, sections were exposed to Kodak
MR film for 1 to 3 days with 125I standards.

Data Analysis. For dopamine release experiments, a curve-fit-
ting algorithm of SigmaPlot 5.0 for DOS (SPSS Inc., Chicago, IL) was
used. Release was plotted as counts per minute versus fraction
number. Basal release was then calculated by selecting the fractions

collected just before and after the peak and plotting them as a single
exponential decay function. The first-order equation, Rt � R0 (e�kt),
was used to determine basal release, where Rt � release at time t, R0

� initial release, and k � rate of decline of basal release. Fractions
of release that were at least 10% higher than baseline were added to
achieve total cpm released. The calculated baseline release was
subtracted from each fraction, and the corrected cpm were then
normalized to the wet weight of the tissue sample on each filter to
obtain units of counts per minute per milligram of tissue. To obtain
Rmax (a determination of maximal response) and EC50 values for
dose-response curves, data were fit using a nonlinear regression
equation in SigmaPlot 2001 for Windows (SPSS Inc.). Statistical
comparisons were performed using either Student’s unpaired t test
or two-way repeated measures ANOVA followed by Bonferroni post
hoc tests where appropriate (Prism; GraphPad Software Inc., San
Diego, CA). A level of p � 0.05 was considered significant.

For analysis of autoradiographic data, quantitation of optical densi-
ties associated with medial caudate, ventral putamen, and nucleus
accumbens was done using the ImageQuant system from Amersham
Biosciences Inc. The optical density values were converted to nanocu-
ries per milligram of tissue using standard curves generated from 125I
standards simultaneously exposed to the films. The activity levels of the
125I standards ranged from 0.5 to 200 fmol/mg of tissue for 20-�m tissue
samples per the manufacturer’s specifications (Amersham Biosciences
Inc.). Specific binding was determined by subtracting background from
total values. Sample optical density readings were within the linear
range of the film. The receptor binding value for a brain area for any one
animal was obtained from two independent experiments with one or
two consecutive sections per experiment. All values are expressed as the
mean � S.E.M. of the indicated number of animals. Statistical analyses
were done using Student’s unpaired t test where p � 0.05 was consid-
ered significant (GraphPad Prism).

Results
Characterization of Nicotine-Evoked [3H]Dopamine

Release from Control Monkey Brain Synaptosomes.
Although stimulation-evoked release has been measured
from monkey striatum in vitro using voltammetry (Cragg et
al., 2000) and, more recently, nicotine-stimulated release has
been measured in vivo with positron emission tomography
(Marenco et al., 2004), nicotine-evoked [3H]dopamine release
from synaptosomes has not previously been studied using
monkey brain, although this approach is widely used with
rodent preparations (Wonnacott, 1997; Grady et al., 2001;
Champtiaux et al., 2003; Quik et al., 2003). Because this
technique offers the advantage that it allows for the quanti-
tative determination of evoked-release under well defined
experimental conditions, we conducted experiments to estab-
lish its feasibility using monkey synaptosomes. Because the
striatum in primates is anatomically heterogeneous (Kemel
et al., 1989; Haber et al., 2000), we measured the release
separately in synaptosomes prepared from the caudate and
putamen, as well as nucleus accumbens. We focused on por-
tions closer to the midline (medial caudate and ventral pu-
tamen) where a denser distribution of �-CtxMII-sensitive
sites exists, especially in the medial caudate (Quik et al.,
2001, 2002).

Tissue concentration curves using caudate, putamen, and
nucleus accumbens from control animals revealed a linear
relationship for [3H]dopamine release between �0.5 and 5
mg (wet weight) tissue/sample (data not shown). With larger
amounts of tissue, the release evoked by either nicotine or 20
mM K� showed a tendency to plateau. Therefore, tissue was
kept within a range of 0.5 to 2 mg for all release experiments.
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Nicotine stimulated the release of [3H]dopamine from mon-
key synaptosomes prepared from caudate, putamen, and nu-
cleus accumbens in a concentration-dependent manner. A
sample trace from a single stimulation in caudate from one
monkey is shown in Fig. 2. Release evoked by 20 mM K� was
similar to that stimulated by a maximal concentration of
nicotine (10 �M) (Fig. 2).

Experiments were done next in control monkey caudate to
ascertain whether nicotine-evoked [3H]dopamine release was
calcium-dependent and nAChR-receptor-mediated. The re-
moval of Ca2� from the release and uptake buffers resulted
in no measurable dopamine release (3.2 mM Ca2� � 4384 �
1008 cpm versus 0 mM Ca2� � 119 � 72 cpm; p � 0.05; n �
3). This clearly demonstrated that nicotine-evoked [3H]do-
pamine release from monkey brain is a calcium-dependent
process. A 3-min pretreatment of synaptosomes with 100 �M
mecamylamine, a noncompetitive nAChR antagonist,
blocked nicotine-evoked [3H]dopamine release in caudate
(p � 0.01; Table 1), whereas release stimulated by 20 mM K�

was unaffected by mecamylamine pretreatment (data not
shown). Pretreatment of synaptosomes for 3 min with 50 nM
�-CtxMII, an �3*/�6* nAChR antagonist, blocked 70%
[3H]dopamine release (p � 0.01; Table 1), suggesting that
dopamine release in monkey striatum is largely mediated by
�3*/�6* nAChRs. A 30-min incubation of synaptosomes with
1 �M �-bungarotoxin had no effect on release stimulated by
either 20 mM K� (data not shown) or nicotine (Table 1),
suggesting that striatal nicotine-evoked [3H]dopamine re-
lease is not mediated by �7 nAChRs, as in the rodent.

Nicotinic Receptors Containing �3 and/or �6 Sub-
units Mediate a Large Proportion of Nicotine-Evoked
[3H]Dopamine Release in Monkey Brain. To identify the
nAChR population(s) mediating nicotine-stimulated [3H]do-
pamine release in monkey striatum, release was performed

in the presence and absence of �-CtxMII (Kulak et al., 1997;
Kaiser et al., 1998; Quik et al., 2003; Salminen et al., 2004).
�-CtxMII inhibition curves for nicotine-evoked [3H]dopamine
release in monkey caudate yielded an IC50 value of 4.0 nM
(95% confidence interval, 0.64 to 21.2 nM; n � 2) with max-
imal inhibition at 30 nM �-CtxMII, similar to the mouse
(Salminen et al., 2004). Therefore, we used 50 nM �-CtxMII
in the present experiments to provide a maximal blockade of
release in monkey brain. The component of dopamine release
abolished by 50 nM �-CtxMII was labeled “�-CtxMII-sensi-
tive”, whereas that remaining in the presence of �-CtxMII
was considered “�-CtxMII-resistant”. In control monkey
caudate, �-CtxMII inhibited 70% of nicotine-evoked [3H]dopa-
mine release (Table 2); thus, 70% of dopamine release was
�-CtxMII-sensitive and mediated by �3*/�6* nAChRs,
whereas 30% was resistant to inhibition by �-CtxMII. The
proportion of �-CtxMII-sensitive dopamine release was similar
in putamen (70%) and nucleus accumbens (80%) (Table 2).

Declines in Dopamine Transporter and Nicotinic Re-
ceptor Binding Accompany Behavioral Deficits after
Damage to the Nigrostriatal System. We measured stri-
atal dopamine transporter levels, behavioral ratings of
parkinsonism, and striatal 125I-epibatidine binding after
MPTP exposure to evaluate the behavioral and biochemical
changes after nigrostriatal damage.

As a marker of dopamine terminal integrity, the dopamine
transporter was measured in caudate, putamen, and nucleus
accumbens using [125I]RTI-121 binding. The MPTP regimen
used in this study resulted in a �50% decline in the dopa-
mine transporter in both caudate (p � 0.01; Fig. 3) and
putamen (p � 0.01; Fig. 3) measured using [125I]RTI-121.
The mean [125I]RTI-121 binding in caudate was 28.5 � 1.9
fmol/mg of tissue (n � 7) in control animals and 12.1 � 2.5
fmol/mg of tissue (n � 10) in MPTP-lesioned animals. In
putamen, these values were 23.0 � 2.1 fmol/mg of tissue in
control (n � 7) and 10.1 � 2.3 fmol/mg of tissue (n � 10) in
lesioned animals. These values are for medial caudate and
ventral putamen, consistent with the striatal areas used for
the release studies. Dopamine transporter levels in the nu-
cleus accumbens were not decreased by MPTP treatment
(p � 0.24; Fig. 3). The mean [125I]RTI-121 binding in this
region was 12.03 � 1.27 fmol/mg of tissue for control animals
(n � 4) and 17.88 � 3.20 fmol/mg of tissue for lesioned
animals (n � 7).

After MPTP or saline treatment, we also determined the
behavioral effects of nigrostriatal damage in these same an-
imals. Parkinsonism averaged 6.3 � 1.6 of a maximum of 20
(n � 10) after MPTP treatment, similar to that previously

Fig. 2. Nicotine- and K�-evoked [3H]dopamine release from monkey
caudate. Release stimulated by 0.1, 1, and 10 �M nicotine (top) or 20 mM
K� (bottom) is expressed as counts per minute (18-s fractions). Data
shown are from one control monkey and are representative of 16 exper-
iments.

TABLE 1
Effects of nAChR antagonists on nicotine-evoked �3H	dopamine release
Mean counts per minute (� S.E.M.) are from experiments performed in monkey
caudate (n � 3–8 monkeys) and represent a single stimulation with 10 or 30 �M
nicotine.

Drug Concentration
Nicotine-Evoked �3H	Dopamine Release

Control � Antagonist % Control

�M cpm/mg tissue cpm/mg tissue

Mecamylamine 100 6515 � 194 50 � 0.1* �1
�-ConotoxinMII 0.05 5016 � 574 1512 � 281* 30
�-Bungarotoxin 1.0 4302 � 698 4063 � 519 94

* p � 0.01 relative to control using an unpaired Student’s t test.

740 McCallum et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


obtained (Quik et al., 2001). Control monkeys showed no
signs of parkinsonism.

MPTP exposure decreased total 125I-epibatidine binding in
the medial caudate (44%; p � 0.01) and ventral putamen
(44%; p � 0.01; Fig. 3). Total 125I-epibatidine binding in
caudate was 0.50 � 0.05 fmol/mg of tissue (n � 7) for control
animals and 0.29 � 0.02 fmol/mg of tissue (n � 9) for MPTP-
treated animals. In putamen, these values were 0.49 � 0.05
fmol/mg of tissue in control animals (n � 7) and 0.28 � 0.04
fmol/mg of tissue in MPTP-treated animals (n � 9). These

declines were somewhat greater than previously observed
(Kulak et al., 2002; Quik et al., 2002), probably because of
interanimal variability. Total 125I-epibatidine binding in nu-
cleus accumbens was unaffected after MPTP treatment
(1.47 � 0.06 versus 1.39 � 0.05 fmol/mg; n � 4–5) (Fig. 3).

Reduction in Total Nicotine-Evoked [3H]Dopamine
Release Is Smaller than Declines in Striatal Dopamine
Transporter Levels or [125I]Epibatidine Binding after
MPTP Exposure. In marked contrast to the consistent de-
creases in striatal [125I]RTI-121 and 125I-epibatidine binding,
nicotine-evoked [3H]dopamine release was less affected or
unaffected by MPTP administration. Representative nicotine
and K�-evoked [3H]dopamine release traces in control and
MPTP lesioned monkey striatum are shown in Fig. 4. In
caudate (Fig. 4, left), a decrease in nicotine-evoked [3H]do-
pamine release was observed. A determination of maximal
response (Rmax) was generated from nicotine dose-response
curves (see Materials and Methods). In caudate, nicotine-
evoked [3H]dopamine release was significantly reduced (p �
0.01; Fig. 3) but by a lesser extent (30%) than the dopamine
transporter (44%) in this region. The mean Rmax value for
nicotine-evoked release in caudate from control animals was
4800 � 302 cpm/mg of tissue, and MPTP lesioning decreased
this value to 3626 � 136 cpm/mg of tissue.

However, in putamen (Fig. 4, right), no reduction of nico-
tine-evoked [3H]dopamine release occurred after MPTP
treatment, despite a nearly 50% decrease in dopamine trans-
porter levels (as measured by [125I]RTI-121 binding) and
125I-epibatidine binding (Fig. 3). Rmax values for dopamine
release in putamen were 3620 � 236 cpm/mg of tissue for
control animals and 4050 � 97.6 cpm/mg of tissue for MPTP-
treated animals (Fig. 3). Nicotine-evoked [3H]dopamine re-
lease was also not decreased in the nucleus accumbens after
MPTP treatment and, in fact, showed a tendency for an
increase, a finding not unexpected because of the lack of
reduction of dopamine transporter binding in this region.

[3H]Dopamine release evoked by 20 mM K� was examined
for control and MPTP-treated monkeys (Fig. 4, middle). Al-
though a 17% decrease in K�-evoked release was observed
after lesioning in caudate, this was not significant (p � 0.20;
Table 3). In fact, no significant decreases in K�-evoked re-
lease were found after MPTP treatment in any region mea-
sured.

We investigated whether there were differences in basal
[3H]dopamine release in caudate, putamen, and nucleus ac-
cumbens with lesioning that may account for the differential
declines in nicotine-evoked release in caudate compared with
putamen. Declines in basal release correlated with the dopa-
mine transporter in a similar manner in the caudate (r �
0.78; p � 0.01) and putamen (r � 0.80; p � 0.01) as shown in
Fig. 4. No decreases in basal release were observed with
MPTP treatment in nucleus accumbens (data not shown).

Reduced Nicotine-Evoked [3H]Dopamine Release in
Caudate of Lesioned Monkey Is the Result of Selective
Reduction of �-CtxMII-Sensitive Sites. To evaluate the
effect of MPTP treatment on �3*/�6* nAChRs, 125I-epiba-
tidine binding and nicotine-evoked [3H]dopamine release
were performed in the presence of �-CtxMII. There were no
significant declines in �-CtxMII-resistant 125I-epibatidine-
binding sites after MPTP treatment in any region exam-
ined (Table 4). Likewise, nigrostriatal damage resulted in
no measurable reduction in �-CtxMII-resistant [3H]do-

TABLE 2
�3*/�6* nAChR-mediated nicotine-evoked �3H	dopamine release in
monkey brain
Note that �-CtxMII-sensitive nicotine-evoked dopamine release represents �70% of
the total dopamine release in control monkey striatum compared with �30% in the
rodent. In nucleus accumbens, 80% dopamine release was mediated via �3*/�6*
nAChR. Rmax values (� S.E.M.) expressed as counts/minute were obtained from
nonlinear curve fits of dose-response curves (n � 6–8 monkeys/group).

Region

Rmax

�-CtxMII–
SensitiveTotal

Release
�-CtxMII-
Resistant
Release

�-CtxMII-
Sensitive
Release

cpm %

Caudate 4800 � 302 1483 � 135 3261 � 241** 68
Putamen 3620 � 236 1040 � 113 2530 � 172** 70
Nucleus

accumbens
5755 � 300 1913 � 131 4605 � 401* 80

* p � 0.05 relative to �-CtxMII-resistant release using an unpaired Student’s t
test.

** p � 0.01, relative to �-CtxMII-resistant release using an unpaired Student’s t
test.

Fig. 3. Dissociation between 125I-epibatidine ([125I]EPI) binding and nic-
otine (NIC)-evoked [3H]dopamine (DA) release in putamen but not cau-
date or nucleus accumbens (n. accumbens) with nigrostriatal damage.
Left, dopamine transporter levels, measured by [125I]RTI-121 binding,
are reduced by 50% in caudate and putamen but not in nucleus accum-
bens after nigrostriatal damage. Middle, there are corresponding changes
in total 125I-epibatidine binding in caudate and putamen. Right, in con-
trast, maximal nicotine-evoked [3H]dopamine release (Rmax values gen-
erated from dose-response curves) is decreased in caudate (28%) but not
in putamen or nucleus accumbens after MPTP treatment. (��, p � 0.01
relative to control (con) by unpaired Student’s t test). Each value repre-
sents the mean � S.E.M. of four to nine monkeys.
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pamine release in striatum or nucleus accumbens (Table
4). In fact, a 20% increase in �-CtxMII-resistant release
from nucleus accumbens was observed in lesioned animals
compared with controls (p � 0.01; n � 6–7).

In contrast to the lack of effect of MPTP treatment on
�-CtxMII-resistant binding, there was a decrease in �3*/�6*
nAChRs in both caudate and putamen, determined using
either 125I-�-CtxMII binding or �-CtxMII inhibition of 125I-
epibatidine binding. 125I-�-CtxMII binding was significantly
decreased in caudate (72%; p � 0.01) and putamen (56%; p �
0.01) (Fig. 5). Likewise, �-CtxMII-sensitive 125I-epibatidine
binding was significantly reduced by �50% in both caudate
(p � 0.05; Fig. 5) and putamen (p � 0.05; Fig. 5) after
nigrostriatal damage.

It is interesting that a significant decrease in �3*/�6*
nAChR binding was also found in the nucleus accumbens of
MPTP-treated monkeys. The �-CtxMII-sensitive component
of 125I-epibatidine binding was reduced by 62% (Fig. 5). Mean
binding levels were 0.31 � 0.03 fmol/mg of tissue in control
animals (n � 11) and 0.13 � 0.04 fmol/mg of tissue in le-
sioned animals (n � 5; p � 0.01). 125I-�-CtxMII binding was
also reduced by 60% after lesioning (0.52 � 0.04 versus
0.21 � 0.03 fmol/mg of tissue, p � 0.01; n � 3–4) (Fig. 5).

Decreases in �3*/�6* nAChR binding were accompanied by
a reduction in �-CtxMII-sensitive nicotine-evoked [3H]do-
pamine release only in caudate where the Rmax for nicotine-
stimulated release was reduced by 43% (p � 0.01; Fig. 5). The
Rmax for striatal dopamine release in untreated animals was

3261 � 241 cpm, and the Rmax for release in lesioned animals
was 1862 � 96 cpm. Despite reductions in �3*/�6* nAChR
binding in both putamen and nucleus accumbens, no de-
creases in �-CtxMII-sensitive nAChR function were observed
in these regions (Fig. 5).

Nicotine Stimulates �-CtxMII-Sensitive Dopamine
Release Significantly More Potently than �-CtxMII-
Resistant Release in Monkey Brain. EC50 values for
�-CtxMII-sensitive and -resistant release were generated
from the dose-response curves from control and MPTP-le-
sioned monkeys (Fig. 6; Table 5). Regardless of treatment
group or region, the �-CtxMII-sensitive component of dopa-
mine release consistently exhibited a 2- to 5-fold higher af-
finity for nicotine than the �-CtxMII-resistant component.
MPTP treatment had no significant effects on EC50 values for
either the �-CtxMII-resistant or the �-CtxMII-sensitive com-

TABLE 3
Dopamine release evoked by 20 mM K� in control and MPTP-lesioned
monkey brain
Mean (� S.E.M.) values for K�-evoked release are shown for control and MPTP-
treated monkeys. No differences in K�-evoked release were observed between treat-
ment groups in any region measured.

Region
20 mM K�-Evoked �3H	Dopamine Release

Control (n � 6–7) MPTP (n � 8)

Caudate 6256.0 � 456.9 5214.0 � 609.7
Putamen 5248.4 � 599.1 4515.0 � 908.3
Nucleus accumbens 8302.9 � 1879.6 9029.6 � 1277.4

Fig. 4. Basal and evoked release in control and
MPTP-treated monkey caudate (left) and puta-
men (right). Top, representative single stimula-
tion traces evoked by 10 �M nicotine (NIC) from
one control monkey (Con) and one MPTP-treated
monkey. Middle, single stimulation traces for re-
lease evoked by 20 mM K� in one control and one
MPTP-lesioned monkey. Basal release was
slightly decreased with moderate MPTP lesion-
ing. Bottom, correlations between basal release
and dopamine transporter levels are significant in
caudate and putamen (p � 0.01).
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ponent of dopamine release (Table 5). The EC50 values for
nicotine-evoked release in control monkey brain were ap-
proximately 0.5 �M in each brain region measured (Table 5).
These values are similar to those for nicotine-evoked dopa-
mine release from mouse striatal synaptosomes (Salminen et
al., 2004).

The analyses of the dose-response curves by two-way
ANOVA were in agreement with previous comparisons of the
Rmax values with reductions in dopamine release after MPTP
treatment only in caudate. In this region, both total release
[two-way ANOVA by treatment: F(1,130) � 6.5; p � 0.05; Fig.

6] and �-CtxMII-sensitive release [F(1,127) � 6.7; p � 0.01]
were significantly affected by nigrostriatal damage but dopa-
mine release in putamen [F(1,132) � 0.60; p � 0.44] and
nucleus accumbens [F(10,103) � 1.29; p � 0.26] was not
reduced by MPTP treatment.

Discussion
This investigation is the first report of nicotine-evoked

[3H]dopamine release using striatal synaptosomes from non-
human primates, a species selected for our studies because of
its usefulness as a model for PD. Our data demonstrate
robust dopamine release mediated by both �-CtxMII-sensi-
tive (�3*/�6*) and -resistant (�4*) nAChR subtypes, similar
to previous measurements from rodent striatum. However,
distinct from the rodent, a substantially greater proportion
(�70%) of release was mediated through the �3*/�6* nAChR
population. Furthermore, after nigrostriatal damage, we
show that there is a decline in �3*/�6* nAChR-evoked
[3H]dopamine release in caudate but not putamen, although
lesioning decreased �3*/�6* nAChRs in both caudate and
putamen. A dissociation between the number of �3*/�6*
nAChR sites and the amount of nicotine-evoked dopamine
release was also seen in the nucleus accumbens with a de-

TABLE 4
Effect of nigrostriatal damage on �-CtxMII-resistant �125I	epibatidine
binding and nicotine-evoked �3H	dopamine release

Region

�-CtxMII-Resistant
125I-Epibatidine Binding

�-CtxMII-Resistant
Nicotine-Evoked

�3H	Dopamine Release

Control MPTP Control MPTP

fmol/mg cpm/mg

Caudate 0.29 � 0.04 0.21 � 0.01 1483 � 135 1643 � 85
Putamen 0.27 � 0.03 0.20 � 0.03 1040 � 113 1330 � 120
Nucleus accumbens 1.16 � 0.09 1.29 � 0.05 1913 � 131 2380 � 36**

** p � 0.01 to corresponding control using an unpaired Student’s t test.

Fig. 5. Declines in �3*/�6* nAChR binding
and nicotine (NIC)-evoked [3H]dopamine
release in caudate but not putamen and
nucleus accumbens (n. accumbens). Left,
125I-�-CtxMII binding is significantly de-
creased in all regions after nigrostriatal
damage. Middle, there is a similar pattern
for �-CtxMII-sensitive 125I-epibatidine
([125I]EPI) binding. Right, selective reduc-
tion in nicotine-evoked, �-CtxMII-sensitive
[3H]dopamine release in caudate, whereas
the Rmax for dopamine release in putamen
and nucleus accumbens is unaffected by
MPTP treatment. (�, p � 0.05; ��, p � 0.01
relative to control (con) using an unpaired
Student’s t test). Each value represents the
mean � S.E.M. of three to nine monkeys.

Nicotine-Evoked Dopamine Release in Monkey Brain 743

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


cline in �3*/�6* receptor binding but no decrease in �3*/�6*
receptor-evoked release. These results demonstrate that �3*/
�6* nAChR-mediated dopamine release can function at con-
trol levels in the presence of a partial receptor loss in selected
dopaminergic pathways.

Stimulation-evoked release has previously been measured
from control monkey striatum in vitro using voltammetry
(Cragg et al., 2000); nicotine-stimulated release has been
measured in vivo with positron emission tomography
(Marenco et al., 2004). However, nicotine-evoked [3H]dopam-
ine release has not yet been investigated in control monkey
brain or after nigrostriatal damage. The control studies re-
ported here show that nicotine elicited a robust calcium-
dependent increase in dopamine release in both striatum and
nucleus accumbens with EC50 values of �0.5 �M, similar to
that in mouse (Salminen et al., 2004). The pharmacology of
dopamine release was comparable with that in the rodent
with a complete block with the nonselective nAChR antago-
nist mecamylamine, a partial block with the �3*/�6* antag-
onist �-CtxMII, and no effect of the �7 receptor antagonist
�-bungarotoxin. These combined data suggest the involve-
ment of non-�7 nAChRs in release, including �3*, �4*, and/or
�6* subtypes.

Although there are many similarities in release character-
istics in monkey and mouse brain, one important distinction
is the ratio of �-CtxMII-sensitive versus -resistant nAChR-
mediated dopamine release. In rodents, �30% striatal dopa-
mine release is sensitive to inhibition by �-CtxMII (Kulak et
al., 1997; Quik et al., 2003; Salminen et al., 2004). In con-
trast, in both monkey striatum and nucleus accumbens,
�70% nicotine-evoked [3H]dopamine release was blocked by
the toxin. This species difference in release may be related to
the greater proportion of �-CtxMII-sensitive nAChRs mea-
sured by binding assays in monkey compared with rodent
brain (Whiteaker et al., 2000; Quik et al., 2001, 2003). Al-

though the molecular basis for this interspecies heterogene-
ity in nAChR subtype proportions remains unknown, it prob-
ably reflects species differences in nAChR composition.
�-CtxMII interacts with both �3* and �6* nAChRs (McIntosh
et al., 2004). However, studies using �3- and �6-null mutant
mice have shown that primarily �6* but not �3* nAChR
subtypes are found in mouse striatum (Champtiaux et al.,
2002; Whiteaker et al., 2002; Zoli et al., 2002). In contrast,
recent immunoprecipitation and radioligand binding studies
demonstrate that both �3* and �6* subtypes are located in
monkey striatum (Quik et al., 2005). Thus, the presence of
�3* nAChR may contribute, at least in part, to the greater
proportion of �-CtxMII-sensitive receptors in monkey
striatum.

Our previous work has shown that striatal nAChR-binding
sites in monkeys were differentially affected by moderate
nigrostriatal damage with a selective decline in �3*/�6*
nAChRs and no change in subtypes containing other sub-
units such as �4 (Quik et al., 2001). The present results
(summarized in Table 6) show that, in caudate, only the
�-CtxMII-sensitive component (�3*/�6* receptors) of nico-
tine-stimulated [3H]dopamine release was decreased after
nigrostriatal damage. This was consistent with the receptor
decline and with the dopamine transporter decline (Quik et
al., 2001). In addition, the present data show that there was
no significant decrease in �-CtxMII-resistant function (�4*
nAChRs), in agreement with the lack of effect of moderate
MPTP treatment on �-CtxMII-resistant-binding sites (Quik
et al., 2001). The small but nonsignificant decrease in K�-
evoked [3H]dopamine release in caudate may suggest that
function in only a subset of striatal dopaminergic terminals is
affected by moderate nigrostriatal damage.

Similar to the caudate, neither �-CtxMII-resistant binding
sites nor evoked-dopamine release mediated by these sites
was significantly decreased in the putamen after nigrostria-

Fig. 6. Dose-response curves for nicotine-
evoked [3H]dopamine release in control
and MPTP-treated animals. As shown in
Table 5, EC50 values were not changed by
MPTP treatment. However, EC50 values for
�-CtxMII-resistant release are consistently
higher than those for the �-CtxMII-sensitive
component. A decrease in the Rmax for total
release with MPTP lesioning was observed in
caudate (see Fig. 3) but not putamen or nu-
cleus accumbens (n. accumbens) (left). No
differences were observed for �-CtxMII-resis-
tant release in any region measured (mid-
dle). MPTP lesioning caused a significant de-
cline in the �-CtxMII-sensitive component of
dopamine release only in caudate (see Fig. 5).
Experiments were performed with eight
monkeys per group.
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tal damage. As in the caudate, �3*/�6* nAChRs, as well as
the dopamine transporter, were decreased �50% in the pu-
tamen with moderate nigrostriatal damage. We were sur-
prised to find, however, that �3*/�6* receptor-mediated
dopamine release in putamen was not reduced with nigro-
striatal damage. Thus, the functional consequences of lesion-
ing are quite distinct in the caudate and putamen, despite
similar receptor changes in the two regions after MPTP
treatment,

The regulation of nAChR expression in the mesolimbic
system seems distinct from that in the nigrostriatal system,
as evidenced by the differential pattern of changes obtained
in nucleus accumbens in �3*/�6* nAChR sites and function
after MPTP treatment (summarized in Table 6). The nucleus
accumbens receives dopaminergic projections from the ven-
tral tegmental area, a region more resistant to MPTP treat-
ment than the substantia nigra, with no decline in the dopa-
mine transporter (Hung and Lee, 1996). Consistent with
such a finding, no decrease was observed in �-CtxMII-resis-
tant nAChR number or function; in fact, release was in-
creased. However, we observed an unexpected decline in
�3*/�6* nAChR binding, measured using either 125I-�-
CtxMII- or �-CtxMII-sensitive 125I-epibatidine binding. One

possible interpretation of these findings is that dopamine
�3*/�6* nAChRs in the nucleus accumbens are present on a
very small proportion of the dopamine terminals that are
selectively vulnerable to MPTP treatment. Another possibil-
ity is that nucleus accumbens �3*/�6* nAChRs are down-
regulated by striatal inputs that are lost with nigrostriatal
damage. Despite the decline in �3*/�6* nAChRs, �-CtxMII-
sensitive dopamine release remained intact in nucleus ac-
cumbens, providing another example of functional sparing of
�3*/�6* nAChRs similar to that seen in putamen.

Lesion-induced changes previously measured in mouse
brain (Quik et al., 2003) had a pattern different from that
seen in any region measured in monkey brain. In mouse
striatum, both �-CtxMII-sensitive (�6*) and -resistant (�4*)
components of dopamine release were reduced to the same
extent with a moderate lesion (Quik et al., 2003). In contrast,
the present data show that only �-CtxMII-sensitive and not
�-CtxMII-resistant nAChR function is affected by moderate
nigrostriatal damage in nonhuman primates. These varia-
tions most probably relate to species differences in nicotinic
receptor distribution, number, or regulation, and/or the
mechanisms that mediate nigrostriatal damage in the two
species. These data suggest that species heterogeneity in
striatal dopamine function must be considered when extrap-
olating responses from rodent to primate brain.

An extensive literature indicates that the basal ganglia are
anatomically heterogeneous and composed of distinct nigral
neuronal populations that project to divergent striatal areas
(Parent et al., 1983; Fearnley and Lees, 1991; Haber et al.,
2000). Moreover, various neurotransmitter receptors, trans-
porters, and enzymes are organized in distinct ventromedial-
to-dorsolateral gradients in the striatum (Kemel et al., 1989;
Haber et al., 2000). Thus, the differential effects in nAChR-
evoked dopamine release in the caudate and putamen may be
possible. Although the dopamine transporter and �3*/�6*
nAChRs were decreased in both caudate and putamen by
nigrostriatal damage and a similar percentage decline in
�3*/�6*-mediated release was found in caudate, the function
in the putamen was unaffected. A different pattern was seen
in nucleus accumbens where there was no change in dopa-
mine transporter, a decrease in �3*/�6* nAChRs, and, as in
putamen, no change in �3*/�6* nAChR function. In fact, a
slight increase in function was observed in nucleus accum-
bens. These data indicate that function can be maintained in
the presence of a receptor decline in both putamen and nu-
cleus accumbens. Although the mechanism(s) by which this
enhanced evoked-release in selected regions may occur is not
presently known, the possibilities include: 1) spare receptors
or a larger intracellular pool of receptors in some regions that
can be mobilized to the nerve terminal surface under condi-
tions of damage; 2) enhanced coupling of nicotinic receptors
to the dopamine exocytotic process; 3) a change in release
properties through decreased autoinhibition by the D2 recep-
tor in the presence of lower synaptic dopamine levels; and/or
4) compensatory increases in the vesicular monoamine trans-
porter, such that quantal release from vesicles is enhanced.
There may also be selective recovery of dopaminergic nerve
terminals in the putamen, although compensatory sprouting
and other regenerative changes generally tend to occur over
a longer time frame (Stanic et al., 2003; Lai et al., 2004).

It is interesting that PD is associated with differential
declines in the dopamine transporter and dopamine levels by

TABLE 5
EC50 values for �-CtxMII-resistant and -sensitive �3H	dopamine release
in control and MPTP-lesioned monkeys
Note that �-CtxMII-sensitive sites exhibit a 2- to 5-fold higher affinity for nicotine-
evoked dopamine release. EC50 values (mean � S.E.M.) are from five to eight
animals/group.

Region & Component
EC50 for Nicotine

Control MPTP

�M

Caudate
Total 0.53 � 0.14 0.60 � 0.08
�-CtxMII-resistant 1.62 � 0.50 1.19 � 0.20
�-CtxMII-sensitive 0.31 � 0.10* 0.45 � 0.10*

Putamen
Total 0.54 � 0.14 0.74 � 0.07
�-CtxMII-resistant 1.53 � 0.56 1.15 � 0.44
�-CtxMII-sensitive 0.32 � 0.10† 0.44 � 0.07

Nucleus accumbens
Total 0.83 � 0.19 0.77 � 0.15
�-CtxMII-resistant 2.02 � 0.54 1.36 � 0.09
�-CtxMII-sensitive 0.58 � 0.24* 0.81 � 0.22*

* p � 0.05 relative to corresponding EC50 value for �-CtxMII-resistant component
by unpaired Student’s t test.

† p � 0.054.

TABLE 6
Summary of alterations in the dopamine transporter, nAChR subtypes,
and nAChR subtype-evoked dopamine release in the striatum and
nucleus accumbens after nigrostriatal damage
All values are expressed as a percentage of the unlesioned control samples. Note the
selective functional preservation of �3*/�6* receptor-evoked dopamine release in
monkey putamen and nucleus accumbens after nigrostriatal damage (boldface).
Values for the �3*/�6* subtype represent the average of the �-CtxMII-sensitive and
125I-�-CtxMII sites, because these two measures were very similar (see Fig. 5).

Region DA
Transporter

�3*/�6* Subtype �4* Subtype

Receptor
Number

Evoked
Release

Receptor
Number

Evoked
Release

%

Caudate 53* 40* 57* 72 111
Putamen 50* 47* 102 74 128
Nucleus accumbens 166 39** 126 111 167**

* p � 0.05; significantly different from unlesioned monkeys.
** p � 0.01; significantly different from unlesioned monkeys.
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region in striatum. There is an uneven pattern of dopami-
nergic nerve terminal damage with a more severe decline in
dopamine levels and the dopamine transporter in putamen
(80–90%) than caudate (�50%) (Kish et al., 1988; Brooks et
al., 1990). The present data suggest that mechanisms de-
velop with nigrostriatal damage to maintain nicotine-evoked
dopamine release in the form of enhanced nicotinic receptor-
evoked function, possibly because of the critical role of dopa-
mine in movement and posture control.

References
Azam L and McIntosh JM (2005) Effect of novel �-conotoxins on nicotine-stimulated

[3H]dopamine release from rat striatal synaptosomes. J Pharmacol Exp Ther
312:231–237.

Brooks DJ, Ibanez V, Sawle GV, Quinn N, Lees AJ, Mathias CJ, Bannister R,
Marsden CD, and Frackowiak RS (1990) Differing patterns of striatal 18F-dopa
uptake in Parkinson’s disease, multiple system atrophy and progressive supranu-
clear palsy. Ann Neurol 28:547–555.

Cartier GE, Yoshikami D, Gray WR, Luo S, Olivera BM, and McIntosh JM (1996) A
new �-conotoxin which targets �3�2 nicotinic acetylcholine receptors. J Biol Chem
271:7522–7528.

Champtiaux N, Gotti C, Cordero-Erausquin M, David DJ, Przybylski C, Lena C,
Clementi F, Moretti M, Rossi FM, Le Novere N, et al. (2003) Subunit composition
of functional nicotinic receptors in dopaminergic neurons investigated with knock-
out mice. J Neurosci 23:7820–7829.

Champtiaux N, Han ZY, Bessis A, Rossi FM, Zoli M, Marubio L, McIntosh JM, and
Changeux JP (2002) Distribution and pharmacology of alpha 6-containing nico-
tinic acetylcholine receptors analyzed with mutant mice. J Neurosci 22:1208–
1217.

Cui C, Booker TK, Allen RS, Grady SR, Whiteaker P, Marks MJ, Salminen O, Tritto
T, Butt CM, Allen WR, et al. (2003) The �3 nicotinic receptor subunit: a component
of �-conotoxin MII-binding nicotinic acetylcholine receptors that modulate dopa-
mine release and related behaviors. J Neurosci 23:11045–11053.

Cragg SJ, Hille CJ, and Greenfield SA (2000) Dopamine release and uptake dynam-
ics within nonhuman primate striatum in vitro. J Neurosci 20:8209–8217.

Emmers R and Akert K (1963) A Stereotaxic Atlas of the Brain of the Squirrel Monkey
(Samiri sciureus), University of Wisconsin Press, Madison.

Fearnley JM and Lees AJ (1991) Aging and Parkinson’s disease: substantia nigra
regional selectivity. Brain 114:2283–2301.

Grady SR, Meinerz NM, Cao J, Reynolds AM, Picciotto MR, Changeux J-P, McIntosh
JM, Marks MJ, and Collins AC (2001) Nicotinic agonists stimulate acetylcholine
release from mouse interpeduncular nucleus: a function mediated by a different
nAChR than dopamine release from striatum. J Neurochem 76:258–268.

Haber SN, Fudge JL, and McFarland NR (2000) Striatonigrostriatal pathways in
primates form an ascending spiral from the shell to the dorsolateral striatum.
J Neurosci 20:2369–2382.

Hornykiewicz O (1998) Biochemical aspects of Parkinson’s disease. Neurology 51:
S2–S9.

Hung HC and Lee EH (1996) The mesolimbic dopaminergic pathway is more resis-
tant than the nigrostriatal dopaminergic pathway to MPTP and MPP� toxicity:
role of BDNF gene expression. Brain Res Mol Brain Res 41:14–26.

Kaiser SA, Soliakov L, Harvey SC, Luetje CW, and Wonnacott S (1998) Differential
inhibition by alpha-conotoxin-MII of the nicotinic stimulation of [3H]dopamine
release from rat striatal synaptosomes and slices. J Neurochem 70:1069–1076.

Kemel ML, Desban M, Glowinski J, and Gauchy C (1989) Distinct presynaptic
control of dopamine release in striosomal and matrix areas of the cat caudate
nucleus. Proc Natl Acad Sci USA 86:9006–9010.

Kish SJ, Shannak K, and Hornykiewicz O (1988) Uneven pattern of dopamine loss in
the striatum of patients with idiopathic Parkinson’s disease. Pathophysiologic and
clinical implications. N Engl J Med 318:876–880.

Klink R, de Kerchove d’Exaerde A, Zoli M, and Changeux JP (2001) Molecular and
physiological diversity of nicotinic acetylcholine receptors in the midbrain dopa-
minergic nuclei. J Neurosci 21:1452–1463.

Kulak JM, McIntosh JM, and Quik M (2002) Loss of nicotinic receptors in monkey
striatum after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment is due to a
decline in alpha-conotoxin MII sites. Mol Pharmacol 61:230–238.

Kulak JM, Nguyen TA, Olivera BM, and McIntosh JM (1997) �-Conotoxin MII blocks
nicotine-stimulated dopamine release in rat striatal synaptosomes. J Neurosci
17:5263–5270.

Lai A, Sum J, Fan H, McIntosh JM, and Quik M (2004) Selective recovery of striatal
125I-alpha-conotoxin MII nicotinic receptors after nigrostriatal damage in mon-
keys. Neuroscience 127:399–408.

Marenco S, Carson RE, Berman KF, Herscovitch P, and Weinberger DR (2004)
Nicotine-induced dopamine release in primates measured with [11C]raclopride
PET. Neuropsychopharmacol 29:259–268.

McIntosh JM, Azam L, Staheli S, Dowell C, Lindstrom JM, Kuryatov A, Garrett JE,
Marks MJ, and Whiteaker P (2004) Analogs of �-conotoxin MII are selective for
alpha6-containing nicotinic acetylcholine receptors. Mol Pharmacol 65:944–952.

Olanow CW (2004) The scientific basis for the current treatment of Parkinson’s
disease. Annu Rev Med 55:41–60.

Parent A, Mackey A, and Smith Y, and Boucher R (1983) The output organization of
the substantia nigra in primate as revealed by a retrograde double labeling
method. Brain Res Bull 10:529–537.

Perry DC and Kellar KJ (1995) [3H]Epibatidine labels nicotinic receptors in rat
brain: an autoradiographic study. J Pharmacol Exp Ther 275:1030–1034.

Pidoplichko VI, DeBiasi M, Williams JT, and Dani JA (1997) Nicotine activates and
desensitizes midbrain dopamine neurons. Nature (Lond) 390:401–404.

Quik M, Polonskaya Y, Kulak JM, and McIntosh JM (2001) Vulnerability of 125I-
alpha-conotoxin MII binding sites to nigrostriatal damage in monkey. J Neurosci
21:5494–5500.

Quik M, Polonskaya Y, McIntosh JM, and Kulak JM (2002) Differential nicotinic
receptor expression in monkey basal ganglia: effects of nigrostriatal damage.
Neuroscience 112:619–630.

Quik M, Sum JD, Whiteaker P, McCallum SE, Marks MJ, Musachio J, McIntosh JM,
Collins AC, and Grady SR (2003) Differential declines in striatal nicotinic receptor
subtype function after nigrostriatal damage in mice. Mol Pharmacol 63:1169–
1179.

Quik M (2004) Smoking, nicotine and Parkinson’s disease. Trends Neurosci 27:561–
568.

Quik M, Vailati S, Bordia T, Kulak JM, Fan H, McIntosh JM, Clementi F, and Gotti
C (2005) Subunit composition of nicotinic receptors in monkey striatum; effect of
MPTP and L-dopa treatments. Mol Pharmacol 67:32–41.

Rapier C, Lunt CG, and Wonnacott S (1990) Nicotinic modulation of [3H]dopamine
release from striatal synaptosomes: pharmacological characterization. J Neuro-
chem 54:937–945.

Salminen O, Murphy KL, McIntosh JM, Drago J, Marks MJ, Collins AC, and Grady
SR (2004) Subunit composition and pharmacology of two classes of striatal pre-
synaptic nicotinic acetylcholine receptors mediating dopamine release in mice. Mol
Pharmacol 65:1526–1535.

Stanic D, Finkelstein DI, Bourke DW, Drago J, and Horne MK (2003) Time course of
striatal re-innervation following lesions of dopaminergic SNpc neurons of the rat.
Eur J Neurosci 18:1175–1188.

Whiteaker P, McIntosh JM, Luo S, Collins AC, and Marks MJ (2000) 125I-�-
Conotoxin MII identifies a novel nicotinic acetylcholine receptor population in
mouse brain. Mol Pharmacol 57:913–925.

Whiteaker P, Peterson CG, Xu W, McIntosh JM, Paylor R, Beaudet AL, Collins AC,
and Marks MJ (2002) Involvement of the alpha3 subunit in central nicotinic
binding populations. J Neurosci 22:2522–2529.

Wonnacott S (1997) Presynaptic nicotinic ACh receptors. Trends Neurosci 20:92–98.
Wonnacott S, Kaiser S, Mogg A, Soliakov L, and Jones IW (2000) Presynaptic

nicotinic receptors modulating dopamine release in the rat striatum. Eur J Phar-
macol 393:51–58.

Zoli M, Moretti M, Zanardi A, McIntosh JM, Clementi F, and Gotti C (2002) Iden-
tification of the nicotinic receptor subtypes expressed on dopaminergic terminals
in the rat striatum. J Neurosci 22:8785–8789.

Address correspondence to: Dr. Maryka Quik, The Parkinson’s Institute,
1170 Morse Ave, Sunnyvale, CA 94089�1605. E-mail: mquik@
parkinsonsinstitute.org

746 McCallum et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

