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The effects of acute nicotine were determined on dopamine (DA) D1 (D1R) and D2 (D2R) receptor binding in the neocortex of

conscious monkeys under control conditions as well as after chronic pretreatment with MK-801 (dizocilpine), a noncompetitive

N-methyl-D-aspartate (NMDA) receptor antagonist. Extrastriatal neocortical D1R and D2R binding was evaluated with [11C]NNC112

and [11C]FLB457 with high-specific radioactivity using positron emission tomography (PET). Acute administration of nicotine bitartrate,

given as an intravenous (i.v.) bolus plus infusion for 30 min at doses of 32mg/kgþ 0.8 mg/kg/min or 100mg/kgþ 2.53 mg/kg/min as base,

induced slight but significant dose-dependent increases of DA in the extracellular fluid of prefrontal cortex (PFC) as determined by

microdialysis. However, acute nicotine did not affect either [11C]NNC112 or [11C]FLB457 binding to D1R or D2R, respectively, in any

cortical region. Chronic MK-801 (0.03 mg/kg, intramuscularly (i.m.), twice daily for 13 days) increased [11C]NNC112 binding to D1R in

PFC. No significant changes were detected in [11C]FLB457 binding to PFC D2R. Although chronic MK-801 lowered baseline DA and

glutamate levels in PFC, acute nicotine normalized reduced DA to control levels. Acute nicotine dose-dependently normalized the

increased binding of [11C]NNC112 to D1R produced by chronic MK-801 but [11C]FLB457 binding to PFC D2R did not change. Working

memory performance, impaired after chronic MK-801, was partially improved by acute nicotine. These results demonstrate that acute

nicotine normalizes MK-801-induced PFC abnormality of D1R in PFC.

Neuropsychopharmacology (2005) 30, 2144–2153. doi:10.1038/sj.npp.1300745; published online 27 April 2005

Keywords: PET; tobacco smoking; nicotine; prefrontal cortex; [11C]NNC112; [11C]FLB457; monkey brain

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Nicotine, the principal reinforcing component in tobacco
smoke, binds to multiple nicotinic cholinergic receptors.
Nicotine metabolites and other substances in tobacco
smoke have been suggested to enhance dopamine (DA)
release (Crooks and Dwoskin, 1997). Tobacco smoking also
suppresses monoamine oxidase (MAO A and B) activity
(Fowler et al, 1996, 1998). The rewarding/reinforcing
actions of nicotine/tobacco are attributed to stimulation of
the dopaminergic mesolimbic system and brain reward
pathways (Nisell et al, l995; Gardner, 1997; Pontieri et al,

1997). Like other abused substances, nicotine increases
extracellular DA levels in rat nucleus accumbens (Imperato
et al, 1986; Di Chiara and Imperato, 1988; Damsma et al,
1989; Nisell et al, 1994a, b, 1995). Tobacco smoke and
nicotine also increase DA utilization in rat nucleus
accumbens (Fuxe et al, 1986). Lesions of dopaminergic
nerve terminals in rat nucleus accumbens decrease nicotine
self-administration (Singer et al, 1982; Corrigall et al, 1992)
and nicotine-induced rat locomotor stimulation (Clarke
et al, 1988).

Involvement of the dopaminergic system in prefrontal
cortex (PFC) has been suggested as another neurochemical
pathway of nicotine action (Marshall et al, 1995). The
incidence of tobacco smoking in schizophrenic patients
varies from 50% to about 90%, which is greater than the rate
of smoking in the general population (Matherson and
O’Shea, 1984; Goff et al, 1992; Levin et al, 1997; Dalack et al,
1998; Brown et al, 2000). Schizophrenia is associated with a
dysregulation of DA function in both the PFC and striatum
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(for reviews see Cho and Lewis, 2004; Berman and Meyer-
Lindenberg, 2004). Glassman (1993) suggested that nicotine
in tobacco, by releasing DA, may reduce a dopaminergic
deficiency in psychiatric patients who smoke. Amphetamine
produces a larger displacement of the D2 radiolabeled
receptor ligand raclopride in the striatum of schizophrenic
patients than mentally normal controls (Laruelle et al, 1996;
Brier et al, 1997; Abi-Dargham et al, 1998). Both hypo- and
hyperfunction of the PFC has been reported. Schizophrenic
patients with negative symptoms have impaired working
memory performance. Hypodopaminergic activity in the
PFC has been proposed as the cause (Davis et al, 1991).
Some of the beneficial effects of smoking and nicotine may
be due to an action in the PFC (Dursun and Kutcher, 1999).

Noncompetitive N-methyl-D-aspartate (NMDA) receptor
antagonists including MK-801, ketamine, and phencyclidine
in low concentrations bind to the ion channel associated
with the NMDA receptor (Thomson et al, 1985; Fagg, 1987;
Johnson and Jones, 1990; Moriyoshi et al, 1991; Dingledine
et al, 1999). These agents markedly impair cognition
including working memory performance in healthy humans
and resemble symptoms of schizophrenia (Luby et al, 1959;
Snyder, 1980; Weinberger et al, 1986; Javitt and Zukin, 1991;
Krystal et al, 1994; Malhotra et al, 1996; Jentsch and Roth,
1999; Domino et al, 2004). When a noncompetitive NMDA
receptor antagonist is administered to experimental ani-
mals, hyperlocomotion and stereotyped behavior are
induced (Johnson and Jones, 1990). These effects on
animals have been used as a model for psychosis in
humans. We have previously reported that chronic admin-
istration of MK-801 in monkeys impairs working memory
performance, which is closely related to functions of the
PFC (Tsukada et al, 2005).

Positron emission tomography (PET) noninvasively
measures the neuroanatomical distribution of radiolabeled
dopamine-specific ligands in living brain. Recently,
[11C]NNC112 (Halldin et al, 1998) and [11C]FLB457
(Halldin et al, 1995) have been developed to assess extra-
striatal DA D1 (D1R) and D2 receptors (D2R), respectively.
Both radioligands have enough high affinity to assess the
lower density of DA receptors in extrastriatal regions (Hall
et al, 1988; Lidow et al, 1989). Chronic phencyclidine and
ketamine abusers have increased D1 receptor binding in
PFC as measured with [11C]NNC112 (Abi-Dargham et al,
2000, 2003; Abi-Dargham and Moore, 2003). Chronic
administration of MK-801 results in abnormally increased
D1R binding with [11C]NNC112 in the PFC accompanied by
impaired working memory performance in conscious
monkeys (Tsukada et al, 2005).

The aim of the present study was to evaluate the effects of
acute nicotine on MK-801-induced impairment of DA neuro-
nal system in PFC using PET as well as on impaired working
memory performance in conscious monkeys. In addition,
the effects of MK-801 and/or acute nicotine on DA and
glutamate release in PFC were assessed using microdialysis.

MATERIALS AND METHODS

Animals and Drugs

A total of 15 adult male rhesus monkeys (Macaca mulatta),
weighing 5.4–7.2 kg, were randomly assigned to each saline

(n¼ 5), ‘Low’ (n¼ 5), and ‘High’ (n¼ 5) nicotine groups.
The monkeys were maintained and handled in accordance
with the recommendations of the US National Institutes of
Health and the Guidelines of the Central Research
Laboratory of Hamamatsu Photonics KK. Magnetic reso-
nance images (MRI) of each pentobarbital anesthetized
monkey were obtained with a Toshiba MRT-50A/II (0.5 T).
The animals were trained to sit in a monkey chair several
days per week for more than 3 months. At least 1 month
before the PET study, an acrylic plate was attached to the
skull under pentobarbital anesthesia (Onoe et al, 1994).
Subsequently, after each monkey recovered, the plate was
fixed to a monkey chair for the PET study. The stereotactic
coordinates of PET and MRI were adjusted based on the
orbitomeatal (OM) line with a specially designed head
holder.

Nicotine bitartrate was purchased from Kanto Chemical
(Tokyo, Japan). (þ )-MK-801 was purchased from RBI
(Natick, MA). FLB457 and the precursor of [11C]FLB457
were obtained from ABX (Dresden, Germany). NNC112 and
the precursor of [11C]NNC112 were gifts from Professor
Christer Halldin of the Karolinska Institute, Sweden.
Nicotine and MK-801 were diluted in 0.9% saline.

Drug Treatments

In order to induce dysfunction of the PFC dopaminergic
neuronal system, as previously reported (Tsukada et al,
2005), MK-801 at a dose of 0.03 mg/kg was administered
intramuscularly (i.m.) twice a day for 13 days. For the acute
study, 30 min before injection of [11C]NNC112 or
[11C]FLB457, saline or MK-801 (0.03 mg/kg) was given
intravenously (i.v.) On the 7th and 14th days after the
beginning of chronic administration, microdialysis analyses
of DA and glutamate and PET scans with [11C]NNC112 and
[11C]FLB457 were performed with an interval of at least 15 h
after the last MK-801 administration.

Nicotine bitartrate was then given as an i.v. bolus plus
infusion for 30 min in doses of 32 mg/kgþ 0.8 mg/kg/min or
100 mg/kgþ 2.53 mg/kg/min as base, then the first PET
measurement was begun.

Syntheses of [11C]NNC112 and [11C]FLB457

Carbon-11 (11C) was produced by a 14N(p,a)11C nuclear
reaction using a cyclotron (HM-18, Sumitomo Heavy
Industry, Tokyo, Japan) at Hamamatsu Photonics PET
Center and obtained as [11C]CO2. This was converted to
[11C]methyl iodide via [11C]methane using PET trace MeI
MicroLab (GE Medical Systems, Milwaukee, WI).

[11C]NNC112 (Halldin et al, 1998) was labeled with 11C by
N-methylation of its nor-compound with [11C]methyl
iodide. [11C]FLB457 (Halldin et al, 1995) was labeled with
11C by O-methylation of its nor-compound. The radio-
chemical and chemical purities of labeled compounds
used were greater than 98 and 99%, respectively. The
specific radioactivity ranged from 315 to 420 GBq/mmol
for [11C]NNC112, and from 360 to 402 GBq/mmol for
[11C]FLB457. After HPLC analysis for identification and
purity, the solution was passed through a 0.22 mm pore filter
before i.v. administration to each monkey.
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PET Measurement and Analysis

Data were collected on a high-resolution PET scanner (SHR-
7700, Hamamatsu Photonics, Hamamatsu, Japan) with a
transaxial resolution of 2.6 mm full-width at half-maximum
(FWHM) and a center-to-center distance of 3.6 mm
(Watanabe et al, 1997). The PET camera allowed 31 slices
for imaging to be recorded simultaneously.

After an overnight fast, each animal was placed in the
monkey chair with stereotactic coordinates aligned parallel
to the OM line. PET scans with [11C]NNC112 and
[11C]FLB457 were performed in the 3D data acquisition
mode for 64 min with six time frames at 10 s intervals, six
time frames at 30 s, 12 time frames at 1 min, followed by 16
time frames at 3 min. Injected radioactivity was ca 10 MBq/
kg body weight for each ligands. PET scans with
[11C]NNC112 and [11C]FLB457 were performed in a
counterbalanced order with a 2-h interval between scans.

For quantitative analysis, time–activity curves of radio-
activity in the cerebellum were used as an input function
because of its much lower density of DA receptors (Creese
et al, 1975). Each region of interest (ROI) was fitted to a
two-compartment model using the least-square fitting
method to estimate the kinetic parameters (K1 and k2).
The distribution volume (DV) in each ROI was calculated as
the ratio of K1/k2 (Lammertsma and Hume, 1996). The ratio
of the brain tissue to the blood concentration is called the
DV or the partition coefficient. It can be thought of as the
volume of 1 ml of blood that at equilibrium contains the
same amount of radioactivity as 1 g of tissue.

Microdialysis Analysis

A guide cannula was previously implanted 35 mm anterior
to the intrameatal line and 10 mm lateral from the midline
(A: 35, L: 10) according to the individual MR images. A
microdialysis probe with a membrane region of 250 mm in
diameter and 3 mm in length (Eicom A-I-8-03, Eicom,
Tokyo, Kyoto, Japan) was inserted (only when scheduled)
into the PFC (3.0 mm below the dura matter) of the monkey
brain via the guide cannula. The probe was initially
perfused with a modified Ringer solution (147 mM NaCl,
4 mM KCl, 2.3 mM CaCl2, Otsuka Pharmaceutical, Tokyo,
Japan) at a rate of 10 ml/min to remove overflow of
neurotransmitters from the damaged tissue. The perfusion
rate was decreased to 5 ml/min 2 h after insertion of the
probe. In all, 75 ml samples were collected every 15 min, and
extracellular fluid (ECF) DA and glutamate contents were
measured by HPLC systems (HTEC-500 and DTA-300,
Eicom, Kyoto, Japan; Kino et al, 2004). The microdialysis
probes remained implanted throughout the duration of the
chronic treatments.

Microdialysis analyses were performed before chronic
administration of MK-801 (‘Control’ condition), and after
chronic MK-801 treatment for 13 days (‘MK-801’ condi-
tion). The mean data obtained from 0 to 120 min before
administration of nicotine were used as ‘baseline’ data.
Nicotine (32 mg/kgþ 0.8 mg/kg/min for 30 min or 100 mg/kg
þ 2.53 mg/kg/min for 30 min as base) was administered
120 min after the start of the sampling. The levels of DA and
glutamate in ECF of PFC were expressed as ‘% of baseline’.

Behavioral Tasks

Behavioral task performance was evaluated as described
previously (Inoue et al, 2004; Tsukada et al, 2004, 2005).
Briefly, in the oculomotor delayed response (ODR) task,
after a short inter-trial interval (ITI), a small red spot (0.11
in diameter) appeared as a fixation point at the center of a
15-in monitor placed in front of the monkey 57 cm from its
face. Each highly trained monkey was required to look at
the fixation point and maintain fixation. The monkey’s
horizontal and vertical eye positions were recorded at 60 Hz
by a monitoring system using an infrared camera (X-Y
Tracer C3162, Hamamatsu Photonics, Hamamatsu, Japan).
After the monkey maintained fixation for 1 s, a red circle
(0.51 in diameter) was presented as a target cue for 100 ms
(cue period), which was randomly presented at one of eight
predetermined positions. Eccentricity was 51 from the
fixation point. The monkey was required to maintain
fixation at the fixation point during the cue period and
the subsequent 0.5–10 s delay period. At the end of the delay
period, the fixation point was extinguished. The monkey
was trained to make a saccade to the position where the
target cue had been presented. If the monkey made a correct
saccade within 500 ms, it was rewarded with a drop of water.

In the visually guided saccade (VGS) task, after a short
ITI, a fixation point appeared at the center of the monitor.
The monkey was required to look at the fixation point and
maintain it. After the monkey maintained fixation for 1 s,
the fixation point was extinguished and a target cue was
presented at one of eight predetermined positions. When
the target cue was presented, the monkey had to make a
saccade to the target cue within 500 ms. ODR and VGS task
data were obtained in 20 trials for each condition. The
means 7SD were used for further data analysis.

Behavioral analyses were performed before chronic
administration of MK-801 (‘Control’ condition), and after
chronic MK-801 treatment for 13 days (‘MK-801’ condi-
tion). Vehicle or nicotine (32 mg/kgþ 0.8 mg/kg/min for
30 min or 100 mg/kgþ 2.53 mg/kg/min for 30 min as base)
was administered 35 min prior to the behavioral analysis. In
the assessments of drug treatments, the delay period
between cue presentation and saccade timing was fixed
at 6 s.

Statistical Analysis

Results are expressed as means7SD. Comparisons were
carried out using unpaired, two-tailed Student’s t-test. A
probability level of less than 5% (Po0.05) was considered
significant.

RESULTS

Figure 1 illustrates the experimental protocol showing the
time sequence of microdialysis, behavioral task, and PET
scans in monkeys. In general, these three studies were
performed in parallel.

Typical MRI and PET images of [11C]NNC112 for D1R
and [11C]FLB457 for D2R in the conscious monkey brain are
shown with ROIs in Figure 1 of Tsukada et al (2005).
Accumulation of [11C]NNC112 and [11C]FLB457 was high in
the striatum, medium in the cortical regions, and low in the
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cerebellum when accumulated images were created 45 min
and later after tracer injection. The maximum accumulation
of [11C]NNC112 was observed 10 min postinjection in the
occipital cortex (OCC), 15 min after injection in the PFC and
the temporal cortex (TMC), and decreased gradually
thereafter. The time–activity curve of [11C]FLB457 indicated
that the peaks of radioactivity in the cortical regions were
5 min postinjection in OCC, 10 min postinjection in PFC
and TMC, and decreased thereafter. In the cerebellum, the
time–activity curves of [11C]NNC112 and [11C]FLB457
peaked within 5 min postinjection, followed by a gradual
decrease with time (data not shown).

In order to evaluate the effects of acute administration of
nicotine on [11C]NNC112 and [11C]FLB457 binding in vivo,
monkeys were given i.v. nicotine in a bolus dose of 32 mg/kg

and an infusion dose of 0.8 mg/kg/min for 30 min (‘Low’
dose condition), or 100 mg/kg bolus and 2.53 mg/kg/min for
30 min (‘High’ dose condition). We have previously
reported that both doses of nicotine produced arterial
blood levels in monkeys in the range of tobacco smoking in
humans (Tsukada et al, 2002). Neither dose of nicotine had
any effects on the in vivo distribution volume (DV¼K1/k2)
of [11C]NNC112 to D1R (Figure 2a) or [11C]FLB457 to D2R
(Figure 2b) in any regions of the monkey brain.

Acute i.m. administration of MK-801 in a dose of 0.03 mg/
kg did not affect the in vivo binding of [11C]NNC112
(Figure 3a) or [11C]FLB457 (Figure 3b) in any cortical
region. During chronic treatment with MK-801 (0.03 mg/kg
i.m., twice a day for 13 days), [11C]NNC112 binding to D1R
significantly increased on the 14th day in PFC, but not in
TMC and OCC (Figure 3a). In contrast, [11C]FLB457
binding to D2R showed no significant changes in any
cortical regions on the 7th day, and the slight tendency to
increase, but did not reach significance in PFC on the 14th
day (Figure 3b).

When nicotine was acutely administered at ‘Low’ and
‘High’ doses in monkeys treated chronically with MK-801,
the increased PFC [11C]NNC112 binding to D1R was dose-
dependently decreased to the normal level observed before
the beginning of chronic MK-801 treatment (Figure 4).
Nicotine did not affect [11C]NNC112 binding in TMC and
OCC (data not shown). In contrast, neither dose of nicotine
induced any changes in [11C]FLB457 binding to D2R in any
region (Figure 4).

The effects of acute nicotine administration on DA and
glutamate levels in the PFC ECF were evaluated by
microdialysis in conscious monkey brain before (control)
and after chronic MK-801 treatment as shown in Figures 5
and 6. The baseline DA level was 0.5270.07 fmol/ml in PFC.
The DA levels in the PFC ECF slightly but significantly
increased in a dose-dependent manner when acute nicotine
was i.v. administered at ‘Low’ and ‘High’ doses to normal
monkeys (147.2 and 208.4%, respectively, of baseline;
Figure 5a). DA levels peaked just after nicotine injection,

 Acute condition

MK-801
or

Nicotine infusion

Begin Microdialysis PET#1 PET#2

Behavioral task

(hr)

 Day-7thand 14th

PET#1 PET#2

Nicotine infusion Behavioral task

0 1 3
(hr)

Begin Microdialysis

a

b

2 4 5 6

0 1 32 4 5 6

Figure 1 Protocol for microdialysis, behavioral task and PET scans in
monkeys in acute (a) and chronic MK-801 treatment (b) conditions. (a)
Microdialysis analysis was begun at time-0, followed by i.v. administration of
MK-801 or infusion of nicotine. At 30-min postadministration, the
behavioral test and the first PET scan were begun simultaneously. The
second PET scan was performed 2 h after the first one. (b) Microdialysis
collection continued and nicotine infusion were performed as shown. MK-
801 was administered at least 15 h before time-0.
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Figure 2 Lack of effects of acute nicotine on [11C]NNC112 (a) and [11C]FLB457 (b) binding in the control conscious monkey brain. Nicotine was given in
an i.v. bolus dose of 32 mg/kg and an infusion dose of 0.8 mg/kg/min (‘Low’ dose) and 100 mg/kg bolus and 2.53mg/kg/min (‘High’ dose) for 30 min, then PET
scans were performed. The regions of interest (ROIs) are the same as those published in Figure 1 of Tsukada et al. (2005) for this and subsequent figures.
Time–activity curves of radioactivity in the cerebellum and each ROI were fitted to a two-compartment model using the least-squares method. The
distribution volume (DV¼ K1/k2) in each ROI was calculated. OCC, occipital cortex; TMC, temporal cortex; PFC, prefrontal cortex; the bar graphs
represent mean7SD in this and subsequent figures.
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followed by a gradual return to the baseline level
(Figure 5a). After chronic treatment with MK-801
(0.03 mg/kg i.m., twice a day for 13 days), the baseline
levels of DA in PFC were reduced to ca 60%
(0.3170.04 fmol/ml) of control levels (Figure 5b). Acute
nicotine dose-dependently increased the PFC ECF DA
levels, almost reaching the control baseline at ‘Low’ dose
(0.5170.03 fmol/ml) and greater at ‘High’ dose
(0.6670.09 fmol/ml; Figure 5b). The magnitude of DA
release after chronic MK-801 treatment was greater (147.2
vs 165.2% at ‘Low’ dose; 208.4 vs 229.1% at ‘High’ dose at
peak time point) and more prolonged (AUC; 127.4 and
132.2%, respectively, of control at ‘Low’ and ‘High’ doses)
with nicotine administration than that observed in the
control state (Figure 5a and b).

The baseline glutamate level (1.3270.25 fmol/ml) in PFC
was significantly increased in a dose-dependent manner
when acute nicotine was administered to normal monkeys

(115.1 and 131.9%, respectively, of baseline) (Figure 6a).
The peak time points were observed between 45 and 60 min
postnicotine administration, showing slight delay compared
to DA peak time. After chronic treatment with MK-801, the
baseline glutamate levels were reduced to ca 40%
(0.5070.06 fmol/ml) of control levels (Figure 6b). Acute
nicotine dose-dependently increased the glutamate levels to
139.5 and 175.7%, respectively, at ‘Low’ and ‘High’ doses
(Figure 6b), which were greater than that induced in the
control state shown in Figure 6a. In contrast, the release of
both DA and glutamate did not change with chronic saline
treatment.

Before chronic MK-801 treatment, a delay-dependent
reduction in the correct response was observed in ODR task
performance, showing 79% accuracy at a 6-s delay period
with vehicle treatment, while no significant on VGS task
performance was determined (Figure 7a). Acute nicotine
administration at ‘Low’ and ‘High’ doses produced no
significant changes in the ODR or VGS tasks with a similar
6-s delay period (Figure 7a). On the 14th day, postchronic
MK-801 administration, ODR task performance, with a 6-s
delay period, showed marked impairment (Figure 7b).
Acute administration of nicotine at ‘Low’ dose showed a
tendency for improvement of ODR task performance, but
did not reach statistical significance. Nicotine administra-
tion at ‘High’ dose significantly reversed the impaired ODR
task performance induced by chronic MK-801 treatment
(Figure 7b). VGS task performance was not influenced by
vehicle or acute nicotine post-MK-801 treatment
(Figure 7b).

DISCUSSION

A key methodological issue raised by one of the reviewers of
this paper is the relative sensitivity to displacement by DA
for the two new labeled ligands used herein, NNC (D1R) and
FLB (D2R) compared to raclopride (D2R). When [11C]ra-
clopride and [11C]FLB457 binding to DA D2 receptors is
compared, [11C]raclopride is more sensitive to alterations of
synaptic DA levels because of its much lower affinity
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Figure 3 Effects of MK-801 on the binding of [11C]NNC112 (a) and [11C]FLB457 (b) in the conscious monkey brain. In the acute condition, 30 min
before injection of [11C]NNC112 or [11C]FLB457, vehicle or MK-801 (0.03 mg/kg, i.m.) was administered i.v. In the chronic condition, MK-801 (0.03 mg/kg,
i.m.) was administered twice a day for 13 days. On the 14th day, PET scans were performed with an interval of at least 15 h after the last dose of MK-801.
The distribution volume (DV¼ K1/k2) in each ROI was calculated as described above. *Po0.05 vs ‘Vehicle’ condition.
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Figure 4 Effects of acute nicotine on [11C]NNC112 (a) and
[11C]FLB457 (b) binding in the chronically MK-801-treated conscious
monkey brain. Nicotine was given in an i.v. bolus dose of 32 mg/kg and an
infusion dose of 0.8 mg/kg/min (‘Low’ dose) and 100 mg/kg bolus and
2.53mg/kg/min (‘High’ dose) for 30 min, then PET scans were performed as
shown in Figure 1. The distribution volume (DV¼ K1/k2) in the PFC was
calculated as described above. *Po0.05 vs ‘Vehicle’ condition, #Po0.05 vs
‘Low’ dose condition.
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(Ki¼ 1.2 nM) to the receptors than [11C]FLB457 (18 pM),
which is not displaced by increased DA-induced release by
methamphetamine (Okauchi et al, 2001). In DA D1 receptor
binding, [11C]NNC112 and [11C]SCH23390 have similar
affinity (0.2 and 0.4 nM, respectively); [11C]SCH23390
binding is not affected by methamphetamine (Tsukada
et al, 2001a). Taken together, the order of sensitivity to
displacement by DA is: [11C]raclopride d [11C]FLB457¼
[11C]NNC112. It should be noted that intrasynaptic DA
concentrations are not the only factor to modulate ligand-
receptor binding in vivo (for details see Tsukada et al,
1999a, 2000a, b).

The present results demonstrate that repeated daily MK-
801 treatment induced hypoactivation of dopaminergic
neuronal transmission, upregulation of D1R, but not D2R,
binding in the PFC and impairment of working memory
performance in monkeys but did not change their gross

behavior. These alterations were normalized by acute
administration of nicotine in doses producing similar blood
levels as tobacco smoking in humans.

As described in the Introduction, NMDA receptor
antagonists have been reported to impair cognitive func-
tions and resemble the symptoms of schizophrenia (Luby
et al, 1959; Snyder, 1980; Weinberger et al, 1986; Javitt and
Zukin, 1991; Krystal et al, 1994; Malhotra et al, 1996; Jentsch
and Roth, 1999; Domino et al, 2004). PET studies have
suggested that dysfunction of the extrastriatal dopaminergic
system exists in schizophrenic patients (Okubo et al, 1997;
Lindström et al, 1999; Abi-Dargham et al, 2002; Suhara
et al, 2002; Laruelle et al, 2003). We have found that acute
and chronic NMDA antagonism impairs cognitive function
through different modulations in the dopaminergic neuro-
nal system in the PFC of monkeys (Tsukada et al, 2005).
Thus, acute systemic administration of low doses (0.03 and
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Figure 5 Effects of acute nicotine on dopamine release in the extracellular fluid (ECF) of PFC in the conscious monkey before (a) and after chronic MK-
801 treatment (b). A microdialysis probe was inserted into PFC region via a guide cannula. Samples were collected every 15 min at a rate of 5 ml/min. The
DA concentration was analyzed by HPLC. At time-0, nicotine was given as an i.v. bolus of 32 mg/kg and an infusion dose of 0.8 mg/kg/min (‘Low’ dose) and
100 mg/kg bolus and 2.53 mg/kg/min (‘High’ dose) for 30 min as shown by the horizontal black bars. Mean values obtained from 0 to 120 min in each
condition were used as ‘baseline’. Dopamine concentrations were expressed as ‘% baseline’ of the ‘Control.’
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Figure 6 Effects of acute nicotine on glutamate release in the extracellular fluid (ECF) of PFC in the conscious monkey before (a) and after chronic MK-
801 treatment (b) Microdialysis analysis was performed as described in the legend of Figure 5. At time-0, nicotine was given in an i.v. bolus of 32 mg/kg and an
infusion dose of 0.8 mg/kg/min (‘Low’ dose) and 100 mg/kg bolus and 2.53mg/kg/min (‘High’ dose) for 30 min as shown by the horizontal black bars. Mean
values obtained from 0 to 120 min in each condition were used as ‘baseline’. Glutamate concentrations were expressed as ‘% baseline’ of the ‘Control’
condition.
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0.1 mg/kg, i.m.) of MK-801 increased glutamate and DA
levels, while chronic MK-801 treatment lowered basal
glutamate and DA levels in the ECF of PFC. Acute MK-
801 reduced [11C]FLB457 binding to D2R (in larger doses
than used herein), but not [11C]NNC112 binding to D2R in
PFC (Tsukada et al, 2005). In contrast, chronic MK-801
induced increased D1R binding without any changes in D2R
binding in PFC. Interestingly, both acute and chronic MK-
801 treatments impaired cognitive function of monkeys as
assayed by an ODR task in the present and previous studies
(Tsukada et al, 2005). These data indicate that proper
functioning of the DA system in PFC is important for
working memory-related tasks. With repeated MK-801
treatment in a dose of 0.03 mg/kg twice a day for 13 days,
the degree of impaired ODR task performance provided
a significant inverse correlation with upregulated
[11C]NNC112 binding to D1R (Tsukada et al, 2005). These
results confirm the significant roles of PFC D1R activity in
working memory as previously suggested (Sawaguchi and
Goldman-Rakic, 1991). The now classic studies by Gold-
man-Rakic and colleagues regarding the role of the PFC and
working memory in non-human primates and relevance to
schizophrenia (Goldman, 1971; Goldman-Rakic, 1994;
Smiley and Goldman-Rakic, 1993) is a solid foundation on
which the present research merely adds additional support.
Regarding D1R binding in PFC of schizophrenic patients,
two apparently discordant results have been published
using PET. One demonstrated decreased D1R binding
assayed with [11C]SCH23390 (Okubo et al, 1997), while
the other observed increased binding measured with
[11C]NNC112 (Abi-Dargham et al, 2002). In view of the
fact that [11C]SCH23390 binding is reduced with DA
depletion, both studies suggest that PFC D1R binding is
produced by hypodopaminergic neuronal transmission. The
present microdialysis data actually demonstrate decreased
DA release in PFC after chronic MK-801 treatment.
Decreased DA neuronal activity, therefore, contributes to
the increased D1R binding in PFC. There is no direct
evidence that MK-801 changes the affinity of D1 receptors
but changes in DA levels probably do. These results suggest
that the neuronal mechanisms by which noncompetitive

NMDA receptor antagonists activate DA transmission
contribute to long-term reduction of dopaminergic activity,
resulting in cognitive deficits.

It is of interest that acute nicotine administration at the
‘High’ dose improved working memory performance, which
was impaired after chronic MK-801 treatment in the
monkeys. In addition, the acute nicotine treatment dose-
dependently normalized chronic MK-801-induced increases
in [11C]NNC112 binding to D1R in PFC. When nicotine was
administered in either dose to the monkeys before chronic
MK-801 treatment, no significant changes were observed in
the working memory performance or in the binding
[11C]NNC112 to D1R in PFC. This suggests that nicotine
might act to normalize lowered PFC dopaminergic neuronal
activity. Using microdialysis analysis, these doses of acute
nicotine produced a slight but significant elevation of DA
levels in the ECF in a dose-dependent manner. It has been
assumed that elevated DA levels in the synaptic cleft result
in reduced binding of a competitive radiolabeled ligand to
its specific binding site. This phenomenon was observed in
the interactions between [11C]raclopride and D2R in the
striatum (for a review, see Laruelle, 2000). Our previous
results, however, demonstrated that unlike methampheta-
mine, nicotine in similar doses as used herein did not affect
[11C]raclopride binding to D2R in the striatum. This
indicates that there is too small an elevation of striatal DA
to produce change in [11C]raclopride binding in vivo
(Tsukada et al, 2002). Owing to the much greater affinity
of [11C]NNC112 to D1R or [11C]FLB457 to D2R than that of
[11C]raclopride to D2R, such binding appears to be
insensitive to a small increase in DA induced by nicotine
in the control conscious state. However, after chronic MK-
801 administration for 13 days, accompanied by reduced
baseline levels of glutamate, baseline DA levels were lowered
to ca 60% of the control baseline before MK-801 treatment
in the same animals. This is a very important observation
that indicates a hypodopaminergic neuronal activity was
produced after chronic MK-801. Our previous results with
microdialysis also showed that chronic MK-801 treatment
first decreased glutamate release in the PFC followed by
reduced DA release (Tsukada et al, 2005). These findings
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Figure 7 Effects of acute nicotine on working memory performance on conscious monkeys before (‘Control’, a) and after chronic MK-801 treatment (b).
Working memory performance was evaluated with the oculomotor delayed response (ODR) task and visually guided saccade (VGS) task with an acute dose
of vehicle or nicotine i.v. of 32mg/kg and an infusion dose of 0.8 mg/kg/min (‘Low’ dose) and 100 mg/kg bolus and 2.53 mg/kg/min (‘High’ dose) for 30 min
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are consistent with the present data. Of interest, in chronic
MK-801-treated monkeys, acute nicotine normalized DA
release to almost the control level or more with higher
magnitudes of release levels and with a longer duration
period compared to normal monkeys. On the contrary,
although dose-dependent glutamate release was also in-
duced by acute nicotine, the magnitude and duration period
were almost similar between control and chronic MK-801-
treated monkeys. These results suggest that acute nicotine
affects dopaminergic and glutamatergic neuronal systems in
an independent manner. Drew et al (2000) hypothesized
that DA transporter (DAT)-mediated DA release by nicotine
was via a4b2 receptors in rat PFC. They found that nicotine
further enhanced amphetamine-stimulated DA release in
PFC, suggesting that an activated DAT facilitated DA release
by nicotine. Whether or not the basal activity of the DAT is
activated after chronic MK-801 treatment is not known.
There is no evidence that nicotine can act directly on the
DAT. However, recent evidence suggests that modulation of
several receptors on dopaminergic terminals alters DAT
activity (Meiergard et al, 1993; Ichikawa et al, 1995;
Yamashita et al, 1995; Izenwasser et al, 1998; Drew et al,
2000; Tsukada et al, 1999a, b, 2000a, b, 2001a, b). In
addition, it has been shown that NMDA antagonism
increased DAT availability in the monkey striatum as
measured by [11C]b-CFT (Tsukada et al, 2000a, 2001a). Our
results indicate that acute nicotine administration facilitates
dopaminergic neuronal transmission previously suppressed
by chronic MK-801 treatment. Although several possible
molecular mechanisms can be proposed, nicotine reduces
the increased PFC [11C]NNC112 binding to D1R without
interactive modulations with the glutamatergic NMDA
neuronal system.

In conclusion, the present results indicate that acute
nicotine, in tobacco smoking-related doses, normalizes the
impaired working memory performance related to hypodo-
paminergic neuronal function as evidenced by lower ECF
DA release and increased D1R binding in the PFC of chronic
MK-801-treated monkeys. This finding may explain, in part,
the persistence of tobacco smoking among schizophrenic
patients who have cognitive deficits due to low dopaminer-
gic activity in PFC.
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Halldin C, Farde L, Högberg T, Mohell N, Hall H, Suhara T et al
(1995). Carbon-11-FLB 457: a radioligand for extrastriatal D2

dopamine receptors. J Nucl Med 36: 1275–1281.
Halldin C, Foget C, Chou Y-H, Karlsson P, Swahn C-G, Sandell J

et al (1998). Carbon-11-NNC112: a radioligand for PET
examination of striatal and neocortical D1-dopamine receptors.
J Nucl Med 39: 2061–2068.

Ichikawa J, Kuroki T, Kitchen M, Meltzer HY (1995). R(+)-8-OH-
DPAT, a 5-HT1a receptor agonist, inhibits amphetamine-induced
dopamine release in rat striatum and nucleus accumbens. Eur J
Pharmacol 287: 179–184.

Imperato A, Mulas A, Di Chiara G (1986). Nicotine preferentially
stimulates dopamine release in the limbic system of the freely
moving rat. Eur J Pharmacol 132: 337–338.

Inoue M, Mikami A, Ando I, Tsukada H (2004). Functional brain
mapping of the macaque related to spatial working memory as
revealed by PET. Cereb Cortex 14: 109–116.

Izenwasser S, Thompson-Montgomery D, Deben SE, Chowdhury
IN, Werling LL (1998). Modulation of amphetamine-stimulated
transporter-mediated dopamine release in vitro by sigma2

agonists and antagonists. Eur J Pharmacol 346: 189–196.
Javitt DC, Zukin SR (1991). Recent advances in phencyclidine

model of schizophrenia. Am J Psychiat 148: 1301–1308.
Jentsch JD, Roth RH (1999). The neuropsychopharmacology of

phencyclidine: from NMDA receptor hypofunction to the
dopamine hypothesis of schizophrenia. Neuropsychopharmaco-
logy 20: 201–225.

Johnson KM, Jones SM (1990). Neuropharmacology of phencycli-
dine: basic mechanisms and therapeutic potential. Annu Rev
Pharmacol Toxicol 30: 707–750.

Kino M, Yamato T, Aomine M (2004). Simultaneous measurement
of nitric oxide, blood glucose, and monoamines in the
hippocampus of diabetic rat: an in vivo microdialysis study.
Neurochem Int 44: 65–73.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner
JD et al (1994). Subanesthetic effects of the noncompetitive
NMDA antagonist, ketamine, in humans: psychotomimetic,
perceptional, cognitive and neuroendocrine response. Arch
Gen Psychiat 51: 199–214.

Lammertsma A, Hume S (1996). Simplified reference tissue model
for PET receptor studies. Neuroimage 4: 153–158.

Laruelle M (2000). Imaging synaptic neurotransmission with in
vivo binding competition techniques: a critical review. J Cereb
Blood Flow Metab 20: 423–451.

Laruelle M, Abi-Dargham A, van Dyck CH, Gil R, D’Souza CD,
Erdos J et al (1996). Single-photon emission computerized
tomography imaging of amphetamine-induced dopamine release
in drug-free schizophrenic subjects. Proc Natl Acad Sci USA 93:
9235–9240.

Laruelle M, Kegeles LS, Abi-Dargham A (2003). Glutamate,
dopamine, and schizophrenia: from pathophysiology to treat-
ment. Ann NY Acad Sci 1003: 138–158.

Levin ED, Wilson W, Rose JE, McEvoy J (1997). Nicotine–
haloperidol interactions and cognitive performance in schizo-
phrenics. Neuropsychopharmacology 15: 429–436.

Lidow MS, Goldman-Rakic PS, Rakic P, Innis RB (1989).
Dopamine D2 receptors in the cerebral cortex: distribution and
pharmacological characterization with [3 H]raclopride. Proc Natl
Acad Sci USA 86: 6412–6416.

Lindström LH, Gefvert O, Haeberg G, Lundberg T, Bergstöm M,
Hartvig P et al (1999). Increased dopamine synthesis rate in
medial prefrontal cortex and striatum in schizophrenia induced
by L-[b-11C]DOPA and PET. Biol Psychiat 46: 681–688.

Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelly R (1959).
Study of a new schizophrenomimetic drugFSernyl. Arch Neurol
Psychiat 81: 363–369.

Malhotra AK, Pinals DA, Weingartner H, Sirocco K, Missar CD,
Pickar D et al (1996). NMDA receptor function and human
cognition: the effects of ketamine in healthy volunteers.
Neuropsychopharmacology 14: 301–307.

Marshall DL, Redfern PH, Wonnacott S (1995). Presynaptic
nicotinic modulation of dopamine release in the three ascending
pathways studied by in vivo microdialysis: comparison of naive
and chronic nicotine-treated rats. J Neurochem 68: 1511–1519.

Matherson E, O’Shea B (1984). Smoking and malignancy in
schizophrenia. Br J Psychiat 145: 429–432.

Meiergard SM, Patterson TA, Achenk JO (1993). D2 receptors may
modulate the function of the striatal transporter for dopamine:
kinetic evidence from studies in vitro and in vivo. J Neurochem
61: 764–767.

Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi
S (1991). Molecular cloning and characterization of the rat
NMDA receptor. Nature B 354: 31–37.

Nisell M, Nomikos GG, Svensson TH (1994a). Systemic nicotine-
induced dopamine release in the rat nucleus accumbens is
regulated by nicotinic receptors in the ventral tegmental area.
Synapse 16: 36–44.

Nisell M, Nomikos GG, Svensson TH (1994b). Infusion of nicotine
in the ventral tegmental area or the nucleus accumbens
differentially affects accumbal dopamine release. Pharmacol
Toxicol 75: 348–352.

Nisell M, Nomikos GG, Svensson TH (1995). Nicotine dependence,
midbrain dopamine systems and psychiatric disorders. Pharma-
col Toxicol 76: 157–162.

Okauchi T, Suhara T, Maeda J, Kawabe K, Obayashi S, Suzuki K
(2001). Effect of endogenous dopamine on extrastriatal [11C]FLB
457 binding measured by PET. Synapse 41: 87–95.

Okubo Y, Suhara T, Suzuki K, Kobayashi K, Inoue O, Terasaki O
et al (1997). Decreased prefrontal dopamine D1 receptors in
schizophrenia revealed by PET. Nature 386: 634–636.

Onoe H, Inoue O, Suzuki K, Tsukada H, Ito T, Magata N et al
(1994). Ketamine increases the striatal N-11C-methylspiperone
binding in vivo: positron emission tomography study using
conscious rhesus monkeys. Brain Res 663: 191–198.

Pontieri FE, Tanda G, Orzi F, Di Chiara G (1997). Effects of
nicotine on the nucleus accumbens and similarity to those of
addictive drugs. Nature 382: 255–257.

Sawaguchi T, Goldman-Rakic PS (1991). D1 dopamine receptors in
prefrontal cortex: involvement in working memory. Science 251:
947–950.

Singer G, Wallace W, Hall R (1982). Effects of dopaminergic
nucleus accumbens lesions on the acquisition of schedule

Nicotine and prefrontal dopamine receptors
H Tsukada et al

2152

Neuropsychopharmacology



induced self injection of nicotine in the rat. Pharmacol Biochem
Behav 17: 579–581.

Smiley JF, Goldman-Rakic PS (1993). Heterogeneous targets of
dopamine synapses in monkey prefrontal cortex demonstrated
by serial section electron microscopy: a laminar analysis using
the silver-enhanced diaminobenzidine sulfide (SEDS) immuno-
labeling technique. Cereb Cortex 3: 223–238.

Snyder SH (1980). Phencyclidine. Nature 285: 355–358.
Suhara T, Okubo Y, Yasuno F, Sudo Y, Inoue M, Ichiyama T et al

(2002). Decreased dopamine D2 receptor binding in the anterior
cingulate cortex in schizophrenia. Arch Gen Psychiat 59: 25–30.

Thomson AM, West DC, Lodge D (1985). An N-methyl-D-aspartate
receptor-mediated synapse in rat cerebral cortex: a site of action
of ketamine? Nature 313: 479–481.

Tsukada H, Harada N, Nishiyama S, Ohba H, Kakiuchi T (2000b).
Cholinergic neuronal modulation alters dopamine D2 receptor
availability in vivo by regulating receptor affinity induced by
facilitated synaptic dopamine turnover: PET studies with
microdialysis in the conscious monkey brain. J Neurosci 20:
7067–7073.

Tsukada H, Harada N, Nishiyama S, Ohba H, Sato K, Fukumoto D
et al (2000a). Ketamine decreased striatal [11C]raclopride
binding with no alterations in static dopamine concentrations
in the striatal extracellular fluid in the monkey brain: multi-
parametric PET studies combined with microdialysis analysis.
Synapse 37: 37–95.

Tsukada H, Miyasato K, Kakiuchi T, Nishiyama S, Harada N,
Domino EF (2002). Comparative effects of methamphetamine
and nicotine on the striatal [11C]raclopride binding in un-
anesthetized monkeys. Synapse 45: 207–212.

Tsukada H, Nishiyama S, Fukumoto D, Ohba H, Sato K, Kakiuchi
T (2004). Effects of acute acetylcholinesterase inhibition on the
cerebral cholinergic neuronal system and cognitive function:
functional imaging of the conscious monkey brain using animal
PET in combination with microdialysis. Synapse 52: 1–10.

Tsukada H, Nishiyama S, Fukumoto D, Sato K, Kakiuchi T,
Domino EF (2005). Chronic NMDA antagonism impairs working
memory, decreases extracellular dopamine, and increases D1

receptor binding in prefrontal cortex of conscious monkeys.
Neuropsychopharmacology April 20, [E-pub ahead of print].

Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K, Harada N
(1999a). Is synaptic dopamine concentration the exclusive factor
which alters the in vivo binding of [11C]raclopride? PET studies
combined with microdialysis in conscious monkeys. Brain Res
841: 160–167.

Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K, Harada N
(2001a). Ketamine alters the availability of striatal dopamine
transporter as measured by [11C]b-CFT and [11C]b-CIT-FE in
the monkey brain. Synapse 42: 273–280.

Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K, Harada N
et al (1999b). Isoflurane anesthesia enhances the inhibitory
effects of cocaine and GBR12909 on dopamine transporter: PET
studies in combination with microdialysis in the monkey brain.
Brain Res 849: 85–96.

Tsukada H, Nishiyama S, Ohba H, Sato K, Harada N, Kakiuchi T
(2001b). Cholinergic neuronal modulations affect striatal dopa-
mine transporter activity: PET studies in the conscious monkey
brain. Synapse 42: 193–195.

Watanabe M, Okada H, Shimizu K, Omura T, Yoshikawa E,
Kosugi T et al (1997). A high resolution animal PET scanner
using compact PS-PMT detectors. IEEE Trans Nucl Sci 44:
1277–1282.

Weinberger DR, Berman KF, Zee RF (1986). Physiologic dysfunc-
tion of dorsolateral prefrontal cortex in schizophrenia. I:
regional cerebral blood flow evidence. Arch Gen Psychiat 43:
114–124.

Yamashita H, Kitayama S, Zhang Y-X, Takahashi T, Dohi T,
Nakamura S (1995). Effects of nicotine on dopamine uptake in
cos cells possessing the rat dopamine transporter and in PC12
cells. Biochem Pharmacol 49: 742–745.

Nicotine and prefrontal dopamine receptors
H Tsukada et al

2153

Neuropsychopharmacology


