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Aberrant neurotransmissions via glutamate and dopamine receptors have been the focus of biomedical research on the molecular basis
of psychiatric disorders, but the mode of their interaction is yet to be uncovered. In this study, we demonstrated the pharmacological
reversal of methamphetamine-stimulated dopaminergic overflow by suppression of group I metabotropic glutamate (mGlu) receptor in
living primates and rodents. In vivo positron emission tomography (PET) was conducted on cynomolgus monkeys and rats using a full
agonistic tracer for dopamine D2/3 receptor, [ 11C]MNPA [(R)-2-11CH3O-N-n-propylnorapomorphine], and fluctuation of kinetic data
resulting from anesthesia was avoided by scanning awake subjects. Excessive release of dopamine induced by methamphetamine and
abolishment of this alteration by treatment with an antagonist of group I mGlu receptors, 2-methyl-6-(phenylethynyl)pyridine (MPEP),
were measured in both species as decreased binding potential because of increased dopamine and its recovery to baseline levels, respectively. Counteraction of MPEP to the methamphetamine-induced dopamine spillover was also supported neurochemically by microdialysis of unanesthetized rat striatum. Moreover, patch-clamp electrophysiological assays using acute brain slices prepared from rats
indicated that direct targets of MPEP mechanistically involved in the effects of methamphetamine are present locally within the striatum.
Because MPEP alone did not markedly alter the baseline dopaminergic neurotransmission according to our PET and electrophysiological
data, the present findings collectively extend the insights on dopamine– glutamate cross talk from extrastriatal localization of responsible
mGlu receptors to intrastriatal synergy and support therapeutic interventions in case of disordered striatal dopaminergic status using
group I mGlu receptor antagonists assessable by in vivo imaging techniques.
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Introduction
Clarification of the molecular pathophysiology of psychosis
based on disordered dopaminergic and glutamatergic neurotransmissions (Seeman, 1987; Carlsson, 1988; Takahashi et al.,
2006) is a current research priority for a significant number of
biomedical scientists, because dopamine stimulants amphetamine (Castner et al., 2005; Featherstone et al., 2007) and methamphetamine (Ujike and Sato, 2004) and the NMDA receptor
antagonists ketamine (Krystal et al., 1994; Aalto et al., 2002) and
phencyclidine (Javitt and Zukin, 1991; Jentsch and Roth, 1999)
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are known to evoke psychotic manifestations resembling those of
schizophrenia. The vast majority of efficacious antipsychotics are
also aimed at blockage of central dopamine D2 receptors (Conley
and Kelly, 2002). Another avenue toward antipsychotic modulation of neurotransmissions has also been offered by a selective
agonist for metabotropic glutamate (mGlu) 2/3 receptors
(Moghaddam and Adams, 1998; Patil et al., 2007). This finding,
in conjunction with the contribution of NMDA receptors to the
pathophysiology of the dopaminergic system (Moghaddam et al.,
1997; Javitt et al., 2004), has led dialogs between dopaminergic
and glutamatergic systems (Carlsson and Carlsson, 1990; Laruelle et al., 2003; Javitt, 2007) to become a paramount focus of
neurobiological approaches in studies of schizophrenia.
Besides the ligands for group II mGlu receptors, 2-methyl-6(phenylethynyl)pyridine (MPEP), which binds selectively to
mGlu5 receptor (Gasparini et al., 1999), has also been shown to
alleviate amphetamine-induced hyperlocomotion in rats
(Spooren et al., 2000; Ossowska et al., 2001; Pietraszek et al.,
2004), and microdialysis assays have indicated that this effect is
attributable to its suppression of striatal dopamine overflow
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(Gołembiowska et al., 2003). However, systemic administration
of MPEP causes only mild to modest reduction of the baseline
dopamine release (Gołembiowska et al., 2003). Furthermore, hyperlocomotion of rats as a consequence of exposure to phencyclidine was augmented by the treatment with MPEP (Pietraszek et
al., 2004), and thus the beneficial effect of MPEP may be rather
confined to the normalization of glutamate receptors functionally and/or spatially coupled to the pharmacological targets of
amphetamine.
In the present study, we provide the first demonstration that
pharmacological reversal of methamphetamine-provoked
dopamine excess by an mGlu5 receptor blockade is detectable in
living rats and monkeys by positron emission tomography
(PET). The ability to collect data on the synaptic dopamine concentration was strengthened by the use of an agonistic probe
for dopamine D2-like (D2/3) receptor, ( R)-2- 11CH3O-N-npropylnorapomorphine ([ 11C]MNPA) (Finnema et al., 2005a;
Seneca et al., 2006). The binding of this compound is supposedly
selective for D2/3 receptors in a high-affinity state and thus is
sensitively displaceable by endogenous dopamine within the synaptic cleft (Creese et al., 1984; Seeman et al., 1985; Seneca et al.,
2006). We also incorporated methodology for scanning animals
in an unanesthetized condition, thereby circumventing the
anesthesia-dependent alteration of radiotracer kinetics as reported for other ligands (Nader et al., 1999; Tsukada et al., 2001;
Elfving et al., 2003; Momosaki et al., 2004) and especially the
modulation of glutamatergic transmission by ketamine. Mechanisms underlying the effectiveness of MPEP on the normalization
of methamphetamine-overactivated dopaminergic terminals
have also been pursued by electrophysiological studies.

Materials and Methods
Radiochemistry. [ 11C]MNPA was prepared as described previously
(Finnema et al., 2005a). Briefly, the 2-OH group of ( R)-2-OHnorapomorphine was selectively methylated with [ 11C]methyl iodide,
which was synthesized with high specific radioactivity by single-pass reaction of [ 11C]methane with I2 (Zhang and Suzuki, 2005). The reaction
mixture was applied to preparative HPLC, and the radioactive fraction
corresponding to [ 11C]MNPA was collected. The radiochemical purity
was ⬎93% at the separation of tracer, and the specific radioactivity was
1800 ⫾ 365 GBq/mol (mean ⫾ SE) at the end of synthesis.
Animals. The animals used here were maintained and handled in accordance with the National Research Council Guide for the Care and Use
of Laboratory Animals and our institutional guidelines. Protocols for the
present animal experiments were approved by the Animal Ethics Committee of the National Institute of Radiological Sciences.
Four male cynomolgus monkeys (Macaca irus) at 7 years of age weighing ⬃6 kg were used. According to the surgical procedure described by
Onoe et al. (1994), an acrylic cap was applied to the top of the monkey’s
skull to fixate its head on the monkey chair (Obayashi et al., 2001). A
1.5-tesla magnetic resonance (MR) imaging system (Philips Gyroscan
S15/ACS II; Philips Electronic) was used for acquiring neuroanatomical
information on the brain of each monkey, which consisted of axial T1weighted MR images generated with a three-dimensional spin-echo
sequence.
Male Sprague Dawley rats (Japan SLC) weighing 300 – 400 g were
housed two or three per cage at a constant room temperature (25°C)
under a 12 h light/dark cycle (light from 7:00 A.M. to 7:00 P.M.) for 2– 4
weeks. The rats were also operated on by a technique similar to that for
the monkeys to fixate their heads. An anatomical template of the rat brain
consisting of axial T1-weighted MR images was obtained with a 3.0-tesla
Philips Intera (Philips Electronic) by means of a three-dimensional spinecho sequence.
PET measurements and image analysis. PET scans for monkeys (n ⫽ 4)
were performed using a high-resolution SHR-7700 PET camera
(Hamamatsu Photonics) designed for laboratory animals, which pro-
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vides 31 transaxial slices 3.6 mm (center-to-center) apart and a 33.1 cm
(transaxial) ⫻ 11.16 cm (axial) field of view (FOV). The spatial resolution for the reconstructed images was 2.6 mm full-width at halfmaximum (FWHM) at the center of the FOV (Watanabe et al., 1997).
The monkeys were conscious and immobilized by joining the acrylic cap
on the head with the fixation device (Muromachi-Kikai) to ensure accuracy on repositioning (Okauchi et al., 2001). After a transmission scan for
attenuation correction using a 68Ge- 68Ga source, dynamic emission
scans were conducted in a three-dimensional acquisition mode for 93
min (frames: 3 at 1 min, 4 at 3 min, and 13 at 6 min). Emission scan
images were reconstructed with a 4 mm Colsher filter. [ 11C]MNPA was
injected via the crural vein as a single bolus at the start of emission
scanning. The injected doses of the radiotracer were 81.9 –97.9 MBq
(90.9 ⫾ 4.4 MBq, mean ⫾ SD).
PET scans for rats (n ⫽ 4) were performed with a small animaldedicated microPET FOCUS220 system (CTI Concorde Microsystems),
which yields a 25.8 cm (transaxial) ⫻ 7.6 cm (axial) FOV and a special
resolution of 1.3 mm FWHM at the center of FOV (Tai et al., 2005). A 20
min transmission scan for attenuation correction was performed using a
spiraling 68Ge- 68Ga point source. Subsequently, list-mode scans were
performed for 90 min. All list-mode data were sorted and Fourier rebinned into two-dimensional sinograms (frames: six at 20 s, five at 1 min,
four at 2 min, three at 5 min, and six at 10 min). Images were thereafter
reconstructed using two-dimensional filtered back-projection with a 0.5
mm Hanning filter. [ 11C]MNPA was injected via the tail vein as a single
bolus at the start of emission scanning. The injected dose of the radiotracer was 34.4 – 65.5 MBq (41.9 ⫾ 7.7 MBq, mean ⫾ SD).
Subsequently to PET scans, anatomical regions of interest (ROIs) were
manually defined on the left and right striata and cerebellar cortices in the
PET images coregistered with MR images using PMOD software (PMOD
Technologies). Regional radioactivity was calculated as percentage standardized uptake value [%SUV ⫽ (% injected dose/cm 3 brain) ⫻ body
weight (g)]. The radioactivity in the cerebellum was used for estimating
the concentrations of free and nonspecifically bound radioligands in the
brain, and the concentration of radioligands specifically bound to dopamine D2/3 receptors in the striatum was defined as the difference in total
radioactivity between the striatum and cerebellum. We also examined
the radioligand binding by calculating the binding potential (BPND; ratio
at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand in tissue) based on a multilinear reference tissue model
(MRTM) (Ichise et al., 2003) using the cerebellar time-radioactivity
curve as a reference.
A total of five PET scans, at intervals of ⱖ2 weeks, were performed for
each animal. Control data were acquired in duplicate to examine the
test–retest variability of [ 11C]MNPA-PET measurements. Assessments
for pretreatment with MPEP (Tocris Cookson) alone were then conducted by intravenously administering 1 mg/kg MPEP 10 min before the
radiotracer injection. MPEP at this dose is known to occupy ⬃50% of
central mGlu5 receptors (Patel et al., 2005). Methamphetamine (Dainippon Sumitomo Pharma) challenges were also performed by intravenous administration of 0.5 mg/kg methamphetamine 5 min before the
radiotracer injection. Finally, combined MPEP and methamphetamine
pretreatments were done with both agents, each being administered as in
the single-drug challenges.
As a supplementary study for examining reliability of PET measurements in awake animals, we also conducted [ 11C]MNPA-PET scans for a
monkey and three rats with and without ketamine–xylazine anesthesia
(details of experimental procedures are given in the supplemental material, available at www.jneurosci.org). Comparison of regional timeradioactivity curves for the same individuals in these conditions demonstrated that not only the uptake of the tracer into the brain but also its
retention in the striatum showed substantial increase by the use of ketamine and xylazine (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). In the anesthetized condition, peak radioactivities in the striatum and cerebellum were ⬃450 and 250% SUV, respectively, and striatal BPND was 1.72 from monkey data. These data were
consistent with the mean values of the previous experiment (Seneca et al.,
2006), supporting the effects of anesthetics on radiotracer delivery and
binding. In line with the monkey, striatal BPND values estimated by rat
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data under ketamine and xylazine anesthesia were increased by 42%
compared with control values. Peak radioactivity in the striatum was also
increased by 26% relative to that of the awake condition. Thus, depth of
anesthesia is likely to induce fluctuations of the radioligand kinetics in
both species, justifying the use of conscious animals for the purpose of
precise PET quantifications with [ 11C]MNPA.
Microdialysis. Microdialysis was conducted for conscious rats (n ⫽ 4)
administered with either methamphetamine alone or MPEP and methamphetamine, as in the PET measurements. Under anesthesia with sodium pentobarbital (60 mg/kg, i.p.), a guide cannula was implanted (stereotactic coordinates: anteroposterior, ⫾0.0 mm; mediolateral, 3.0 mm
from bregma) according to the stereotactic atlas of the rat brain (Paxinos
and Watson, 1998). The microdialysis probes with a membrane portion
of 250 m in diameter and 2 mm in length (Eicom A-I-8-02; Eicom)
were inserted in the striatal region (4 mm below the dura mater) via the
guide cannula. The probe was perfused with Ringer’s solution, pH 6.4, at
a flow rate of 2 l/min, and 20 l samples were collected every 10 min.
Dopamine contents were measured by HPLC with electrochemical detection (HTEC-500; Eicom). The average of the data obtained over 30
min just before injection of drugs was used as the baseline value. The level
of dopamine in extracellular fluid was expressed as percentage of
baseline.
Electrophysiological study. Sagittal corticostriatal slices (300 m thick)
were prepared from Sprague Dawley rats at postnatal days 14 –24 with a
microslicer (Dosaka). Slices were superfused continuously in a solution
containing (in mM) 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.0 MgSO4, 1.25
NaH2PO4, 26.0 NaHCO3, 10 glucose, and 0.1 picrotoxin (SigmaAldrich) and equilibrated with 95% O2 and 5% CO2, pH 7.3–7.4. Wholecell patch-clamp recordings were obtained from medium spiny (MS)
neurons of the striatum under visual guidance (differential interference
contrast /infrared optics) with an EPC-10 amplifier and Pulse software
(HEKA Elektronik) using an Olympus BX50WI and a charge-coupled
device camera (Hamamatsu Photonics). The patch electrodes (3–5 M⍀
resistance) in both current- and voltage-clamp experiments contained
120 K-gluconate, 5 NaCl, 1 MgCl2, 0.2 EGTA, 10 HEPES, 2 MgATP, and
0.1 NaGTP (adjusted to pH 7.2 with KOH). For current-clamp recording, firing patterns were checked by positive and negative current
injection.
For voltage-clamp recordings, synaptic responses were evoked by field
stimulation of corticostriatal fibers at 0.05 Hz by a stimulating electrode
consisting of a silver-painted patch pipette (Shin et al., 2006) to obtain
half-maximum amplitude of the EPSC. Drugs were stored as frozen stock
solution and diluted 1000-fold into artificial CSF immediately before use.
To determine the effect of drug on EPSCs, the averaged EPSC amplitudes
of 12 traces during the peak response to the drug were compared with
those obtained immediately before drug application. The average EPSC
was plotted as six consecutive traces. Signals were filtered at 5 kHz and
digitized at 20 kHz with Pulse/PulseFit (Heka Elektronik). If series resistance changed by ⬎20%, the experiments were discarded. Contributions
of dopaminergic and glutamatergic innervations to EPSCs were assessed
by using 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), SCH23390
hydrochloride, and ( S)-(⫺)-sulpiride purchased from Tocris Cookson
(supplemental Fig. 2, available at www.jneurosci.org as supplemental
material). The MS neurons showed a slow voltage-ramp and nonadapting firing pattern with depolarizing current, lacking sag with hyperpolarization (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material) (Kawaguchi et al., 1989). Synaptic currents were then
evoked by electrical stimulation on the subcortical white matter in acute
slices at the holding potential of ⫺70 mV in the presence of picrotoxin
(100 M) to block GABAergic components at a rate of 0.05 Hz (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). These currents were completely and reversibly inhibited by CNQX
(20 M), a selective AMPA receptor antagonist, confirming that the currents were AMPA receptor-mediated EPSCs (supplemental Fig. 2C,
available at www.jneurosci.org as supplemental material).
Statistical analysis. Unless specified otherwise, significant differences
were assessed with repeated-measures ANOVA, with the experimental
condition as a repeated factor. A two-tailed probability of 0.05 was selected as the significance level.
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Figure 1. Distribution of [ 11C]MNPA in cynomolgus monkey (A) and rat (B) as viewed by
PET. Transaxial (A) or coronal (B) MR images (MRI) at different levels were used for defining ROIs
on the striatum (STR) and cerebellum (CER), as indicated by blue and red arrows, respectively.
The ROIs were then translated to the coregistered PET images to generate regional timeradioactivity curves. The PET images displayed here reflect the radioactivity summed from 0 to
90 min after tracer injection.

Results

Stability of [ 11C]MNPA-PET measurement for awake animals
Representative PET images of monkey and rat brains were obtained by averaging dynamic data at 0 –90 min after administration of [ 11C]MNPA and coregistered with anatomical MR images
(Fig. 1). Time-radioactivity curves for ROIs defined on the striatum and cerebellum (Fig. 1) and regional time-radioactivity
curves were generated (Fig. 2). In line with previous PET imaging
of anesthetized monkeys (Seneca et al., 2006), high-level uptake
of [ 11C]MNPA into the brain was observed as an initial rise of
radioactivity over 1–2 min after tracer injection, and retention of
the radiotracer thereafter was highest in the striatum and minimal in the cerebellum. Specific binding of the radioligand in the
striatum, estimated as the difference in radioactivity between two
regions, peaked between 30 and 40 min after administration.
Striatal BPND values estimated using MRTM with cerebellar data
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Table 2. BPND for 关11C兴MNPA estimated from control data in rats
BPND
Rat ID

Test

Retest

Variability
(%)

R1
R2
R3
R4
Mean ⫾ SD

0.80
0.82
0.89
0.81
0.83 ⫾ 0.039

0.81
0.83
0.85
0.83
0.83 ⫾ 0.017

0.5
1.0
4.7
1.7
2.0 ⫾ 1.9

Figure 3. BPND values in four monkeys at baseline PET scans (Test and Retest) and scans after
treatments with MPEP alone, methamphetamine (MAP) alone, and the combination of MPEP
and MAP (MPEP⫹MAP). M1–M4 correspond to the identifications of the monkeys shown in
Table 1.

Figure 2. Average (⫾SD) time-radioactivity data for the cerebellar (CER; circles) and striatal
(STR; squares) regions, along with differences between the two regions (STR-CER; triangles)
obtained from eight baseline [ 11C]MNPA-PET scans (2 scans per animal) for four monkeys (A)
and four rats (B) in an awake condition. All data are expressed as percentage SUV (% SUV).
Table 1. BPND for 关11C兴MNPA estimated from control data in monkeys
BPND
Monkey ID

Test

Retest

Variability
(%)

M1
M2
M3
M4
Mean ⫾ SD

0.94
1.04
1.03
1.03
1.01 ⫾ 0.048

0.96
1.07
1.02
0.95
1.00 ⫾ 0.056

3.0
3.0
0.7
8.1
3.7 ⫾ 3.1

as reference were 1.01 ⫾ 0.048 and 1.00 ⫾ 0.056 at the first and
second baseline scans in monkeys (Table 1), respectively, indicating small interindividual and intraindividual variability.
Meanwhile, striatal and cerebellar time-radioactivity curves in
conscious rats illustrated considerably rapid kinetics of [ 11C]MNPA relative to monkeys (Fig. 2 B). Clearance half-time provided
by monoexponential fits of radioactivity loss from the rat cerebellum was 17 min, much smaller than the corresponding value
in monkeys (40 min). Specific binding of the ligand in the rat
striatum peaked at around 20 min after injection, thereafter
promptly declining compared with that in the monkey striatum.
Striatal BPND values estimated using MRTM were 0.83 ⫾ 0.039

Figure 4. BPND values in four rats at baseline PET scans (Test and Retest) and scans after
treatments with MPEP alone, methamphetamine (MAP) alone, and the combination of MPEP
and MAP (MPEP⫹MAP). R1–R4 correspond to the identifications of the rats shown in Table 2.

and 0.83 ⫾ 0.017 at the first and second baseline scans in rats
(Table 2), respectively, indicating stability of the present assay
using unanesthetized animals.
However, the mean BPND value in awake monkeys obtained
here was smaller than that in anesthetized monkeys (Seneca et al.,
2006) by ⬃30%, suggesting that the use of ketamine and xylazine
may influence the tracer kinetics. This notion was also supported
by our auxiliary PET measurements for comparison of awake and
anesthetized conditions in the same individuals, as described in
Materials and Methods and demonstrated in supplemental Figure 1 (available at www.jneurosci.org as supplemental material).
Counteraction of MPEP to methamphetamine-induced
decrease in [ 11C]MNPA binding to striatal D2/3 receptor
The effects of MPEP and methamphetamine, alone and in combination, on the association of [ 11C]MNPA with striatal dopa-
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Interference of MPEP with
electrophysiological action
of methamphetamine
Because the inhibitory effects of MPEP on
Control
MPEP
MAP
MPEP plus MAP
methamphetamine-stimulated striatal do1.00 (⫾0.049)
0.98 (⫾0.103)
0.84* (⫾0.093)
1.03 (⫾0.072)
BPND mean (⫾SD)
pamine release were consistently detect⌬BPND (%) mean (⫾SD)
⫺2.5 (⫾8.6)
⫺16.7 (⫾6.5)
2.9 (⫾6.5)
able by in vivo PET scans despite the ab⌬BPND is calculated as the difference from the mean BPND value at baseline. *p ⬍ 0.05 versus control.
sence of overt changes in basal
dopaminergic transmission by this mGlu5
Table 4. Quantified changes in striatal BPND values after administration of methamphetamine (MAP) and/or
receptor antagonist alone, we assumed
MPEP in rats
that the molecular targets of MPEP are
Conditions
tightly linked to the mechanism by which
Control
MPEP
MAP
MPEP plus MAP
methamphetamine overdrives dopamine
neurons and might be located in close con0.83 (⫾0.028)
0.86 (⫾0.090)
0.57* (⫾0.105)
0.86 (⫾0.050)
BPND mean (⫾SD)
nection to striatal dopaminergic terminals
⌬BPND (%) mean (⫾SD)
4.1 (⫾9.2)
⫺31.8 (⫾12.8)
4.1 (⫾3.8)
as well as nigral cell bodies. To examine
⌬BPND is calculated as the difference from the mean BPND value at baseline. *p ⬍ 0.05 versus control.
this concept, we used electrophysiological
methods on acute slices prepared from rat
brains.
mine receptor were analyzed in conscious animals (Figs. 3, 4;
The amplitudes of the EPSCs in striatal MS neurons were
Tables 3, 4). We observed substantial reductions in radioligand
reversibly inhibited by a bath application of methamphetamine
binding to the striata of rats and monkeys pretreated with meth(100 M) for 5 min (Fig. 6 A). To explore the mechanism for this
amphetamine (0.5 mg/kg, i.v.). The decrement of the BPND value
inhibition, we investigated the effect of methamphetamine appliin awake monkeys (16.7%) was slightly smaller than that in the
cation on paired-pulse facilitation (PPF), which is commonly
previous PET assay of anesthetized subjects with amphetamine
supposed to be a mostly presynaptic process (Zucker, 1989). The
challenge (⬃25%) (Seneca et al., 2006), whereas the variance of
paired-pulse ratio (PPR; second response amplitude/first response amplitude), an index of PPF, was increased from 1.00 ⫾
methamphetamine-induced changes among individuals was
0.05 to 1.22 ⫾ 0.08 ( p ⫽ 0.026, paired Student’s t test; n ⫽ 5) as
small (Table 3). Methamphetamine profoundly influenced the
a result of methamphetamine application (Fig. 6 B). This increase
kinetics of [ 11C]MNPA in rats relative to monkeys, as the BPND
in PPR supports a decreased probability of glutamate release at
estimate dropped from baseline by 31.8% (Table 4). A single
corticostriatal synapses.
bolus injection of MPEP (1.0 mg/kg, i.v.) did not significantly
11
We then studied pharmacological characteristics of the
alter the BPND value for [ C]MNPA in both rats and monkeys
methamphetamine-induced
inhibition. Dopamine receptor ancompared with untreated controls. In contrast, MPEP treatment
tagonists were perfused continuously throughout the experireversed the attenuation of radiotracer binding resulting from
ments from at least 5 min before methamphetamine application.
methamphetamine exposure to a level comparable to controls
In the presence of the D2/3 receptor antagonist sulpiride (10 M),
(Tables 3, 4). This effect, again, was robustly found in all animals
methamphetamine failed to inhibit the EPSCs (17.07 ⫾ 2.98%;
with small intersubject variance.
n ⫽ 3; p ⫽ 0.0004, unpaired Student’s t test) (supplemental Fig.
Statistical examination of the kinetic parameters also demon2 D, available at www.jneurosci.org as supplemental material). In
strated insignificant changes of the striatal BPND values by
contrast, D1/5 receptor antagonist SCH23390 (10 M) partially
MPEP alone (monkeys, p ⫽ 0.61; rats, p ⫽ 0.43; ANOVA)
blocked the methamphetamine-induced inhibition of EPSCs
and significant reduction of BPND by methamphetamine (mon(28.60 ⫾ 2.96%; n ⫽ 6; p ⫽ 0.00003, unpaired Student’s t test)
keys, p ⫽ 0.01; rats, p ⫽ 0.02; ANOVA). Statistical analysis
(supplemental Fig. 2 E, available at www.jneurosci.org as supple11
also indicated that the perturbed binding of [ C]MNPA consemental material). In addition, these methamphetamine-induced
quent to the methamphetamine challenge was normalized by
inhibitions were blocked under pretreatment of the slices with a
MPEP to a degree showing no significant difference from the
mixture of SCH23390 and sulpiride (supplemental Fig. 2 F, availmethamphetamine-free condition (monkeys, p ⫽ 0.45; rats, p ⫽
able at www.jneurosci.org as supplemental material). The inhibi0.12; ANOVA).
tion of EPSCs (calculated as a percentage of baseline amplitude)
by methamphetamine (n ⫽ 5) was significantly abolished in the
presence of dopamine receptor antagonists (n ⫽ 3 in each conNeurochemical evidence for modulation of extracellular
dition), as summarized in supplemental Figure 2G (available at
dopamine by methamphetamine and MPEP
www.jneurosci.org as supplemental material). This result demMicrodialysis was performed in rats under conditions identical to
onstrates that the suppression of EPSCs by methamphetamine
those of the PET studies (Fig. 5). The concentration of extracelcan be primarily attributed to the increase in dopamine release in
lular dopamine in the striatum was 0.97 ⫾ 0.21 fmol/l at basethe synaptic cleft.
line and was increased by ⬃15-fold at 10 min after methamphetSubsequently, we analyzed changes in EPSCs provoked by
amine treatment. Meanwhile, MPEP pretreatment at 5 min
methamphetamine after the application of MPEP to the slices.
before methamphetamine injection attenuated the effect of
Notably, the pretreatment with MPEP completely blocked the
methamphetamine on the dopamine content by ⬎50%. This obinhibitory action of methamphetamine on the EPSC amplitude
servation supports the PET findings that the relatively rapid al(Fig. 6C). The magnitude of methamphetamine-induced reducteration of striatal dopaminergic neurotransmission by one-shot
tion in EPSC (Fig. 6 D) was significantly depressed ( p ⫽ 0.003,
administration of methamphetamine was constantly suppressed
unpaired Student’s t test) by the pretreatment with MPEP
by systemic priming with MPEP.
(67.24 ⫾ 7.56% at 40 min; n ⫽ 4). Unlike the methamphetamine
Table 3. Quantified changes in striatal BPND values after administration of methamphetamine (MAP) and/or
MPEP in monkeys
Conditions
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Figure 5. Application of microdialysis to measurement of extracellular dopamine (DA) concentration in the striatum of rats. Assays were performed along the course of methamphetamine (MAP) treatment and combined MPEP and MAP administration (MPEP⫹MAP). Error
bars represent SD.

challenge, the use of MPEP alone resulted in mild and insignificant diminishment of EPSCs (Fig. 6 E, F ). These electrophysiological profiles indicate that mGlu5 receptors, on which MPEP
acts, do not crucially participate in the regulation of basal dopaminergic activity but are pivotally involved in the regulation of
dopamine neurons, possibly via linkage to methamphetaminesensitive synaptic components within the striatal region.

Discussion
The present work provides neuroimaging evidence for functional
cross talk between dopaminergic and glutamatergic transmissions in the regulation of nigrostriatal dopamine neurons after
psychostimulant intake. Experimental elaborations of the methodological significance for successful detection of this neurochemical intercommunication include use of rodents and nonhuman primates in an unanesthetized condition for in vivo
measurements and adoption of an agonistic radioligand for dopamine D2/3 receptor as a PET imaging agent. As demonstrated
here, this setup provides a sensitive and robust estimation of
changes in synaptic D2/3 receptors occupied by endogenous dopamine during the pathological perturbation of striatal neurotransmissions and its alleviation by modulation of a group I
mGlu receptor. A similarly assembled assaying package would
thereby be of great utility in assessing the efficacy of potential
antianxiety and antipsychotic drugs acting on other groups of
mGlu receptors, as exemplified by those in ongoing clinical trials
(Patil et al., 2007; Dunayevich et al., 2008), in terms of their
outcomes in mending a disordered dopaminergic system in a
seamless translation of research insights from animal models to
humans.
Integrating the present and previous (Seneca et al., 2006)
[ 11C]MNPA-PET data, we conceive that anesthesia with ketamine and xylazine markedly alters the delivery and/or specific
binding of this ligand, by which fluctuation of time-radioactivity
data arises as a function of anesthetic depth. Indeed, the average
difference in striatal BPND values between the first and second
baseline scans of unanesthetized monkey brains in our study was
3.6%, markedly smaller than that reported for anesthetized animals (27%) (Seneca et al., 2006). Related investigations have indicated uncertainty regarding the influence of ketamine and
other NMDA receptor antagonists on the interaction between
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D2/3 receptors and their ligands (Breier et al., 1998; Smith et al.,
1998; Tsukada et al., 2000; Vollenweider et al., 2000; Aalto et al.,
2002; Kegeles et al., 2002) and extracellular dopamine levels
(Kashihara et al., 1990; Moghaddam et al., 1990; Onoe et al.,
1994; Verma and Moghaddam, 1996), presumably because of the
diversity of the experimental designs. Our auxiliary microdialysis
experiment in rats (supplemental Fig. 3A, available at www.jneurosci.org as supplemental material) treated with ketamine at a
dose equivalent to that in the present supplementary PET scans
(supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material) demonstrated an elevated level of extracellular
dopamine by ⬃50%. It is a matter of caution that this increase in
dopamine release after ketamine administration does not plausibly explain enhanced uptake and retention of [ 11C]MNPA, implying participation of a previously unclarified mechanism that is
distinct from regulation of synaptic dopamine levels, in the
ketamine-induced modification of radiotracer kinetics. It is also
noteworthy that ketamine increases cerebral blood flow (Hassoun et al., 2003; Langsjo et al., 2005), whereby the transfer of
radioligands from plasma to brain tissue may be enhanced. Although modification of dopaminergic transmission by xylazine
has not been examined intensively, another ␣2-adrenoceptor agonist, dexmedetomidine, was documented to suppress dopamine
release in mice (Ihalainen and Tanila, 2004). Notwithstanding
the fact that the pursuit of the pharmacological effects of these
drugs would engender a separate scope of research on the regulation of dopamine neurons via NMDA and adrenergic receptors,
our experimental data in conjunction with previous notions on
the complexity of anesthetic mechanisms justify the use of animals in an awake condition for circumvention of interactions
among multiple neuroactive agents. This is of particular significance for the assessment of interference between dopamine and
glutamate neurotransmissions, in consideration of the direct
modulation of the glutamatergic system by ketamine.
The choice of radiotracers may also crucially determine the
detectability of modulations of dopaminergic neurotransmission
in living brains. According to the previous attempt to calculate
the composition of striatal D2/3 receptors in different modes
(Seneca et al., 2006), ⬃60% of these receptors are in a highaffinity state, assuming that 10% are high-affinity species basally
occupied by endogenous dopamine. This indication is based on
the observation that agonistic D2/3 receptor ligands, incapable of
accessing low-affinity receptors, were 1.7-fold more efficacious in
capturing alterations of synaptic dopamine levels than antagonistic compounds. This estimation is in general agreement with
other ex vivo and in vivo approaches comparing agonistic and
antagonistic radioligand bindings (Cumming et al., 2002; Narendran et al., 2004; Finnema et al., 2005b). Likewise, the decrements
of BPND for [ 11C]MNPA by 17% (monkeys) and 32% (rats) observed in our PET scans after administration of 0.5 mg/kg methamphetamine correspond to the occupancies of 38% and 71% of
basally “vacant” synaptic D2/3 receptors in a high-affinity state by
endogenous dopamine, respectively, although it remains to be
clarified whether the same modal composition of D2/3 receptors
is applicable to the rat striatum. Such significant provocation of
dopamine release might also be recognizable with [ 11C]raclopride, for which the reduction of BPND in the same challenge
would not exceed 10% in monkeys if excellent reproducibility
(i.e., test–retest variability ⬍5%), as demonstrated in the present
study, could be achieved by the use of unanesthetized animals.
However, avoiding anesthesia might still not allow the conclusive
revelation of the interaction between methamphetamine and
MPEP with sufficient statistical power for [ 11C]raclopride-PET,
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The notable capability of MPEP in depressing methamphetamine-overdriven
dopaminergic transmission to an extent
measurable by in vivo PET may additionally be attributed to a tight interconnection between molecular pathways
initiated by the application of methamphetamine and manipulation of group I
mGlu receptors, as illustrated by our
electrophysiological data. Because the
patch-clamp technique introduced here
specifically collected information on
striatal synapses between cortical and
MS neurons involving additional connections from dopamine neurons, the
consistency between neuroimaging and
electrophysiological results also validates the theoretical view that PET measurements during the methamphetamine challenge primarily reflect the
status of synaptically released dopamine.
AMPA receptor-mediated glutamatergic
transmission to MS neurons is known to
be modulated by synaptic dopamine
through presynaptic dopamine receptors, leading to the inhibition of EPSCs
in these cells (Harvey and Lacey, 1996;
Umemiya and Raymond, 1997; Kline et
al., 2002), and methamphetaminestimulated dopamine release in the synaptic cleft is conceived to reinforce this
regulatory mechanism, similar to previous observations under amphetamine or
cocaine treatment (Scarponi et al., 1999;
Centonze et al., 2002). According to in
vitro assessments (Sandoval et al., 2001;
Fleckenstein et al., 2007), the intensification of synaptic dopamine by exposure
Figure 6. Effects of MPEP on inhibition of EPSCs induced by methamphetamine (MAP). A, Effect of MAP (100 M; filled bar) on to amphetamines is mediated by promoEPSCs. Traces 1–3, taken at time points indicated by red circles, are representative EPSCs before, during, and after the application tion of protein kinase C (PKC)of MAP, respectively. Calibration: 100 pA, 20 ms. B, Left, Averages of PPRs before and during methamphetamine application (n ⫽ dependent phosphorylation of dopa4). *p ⬍ 0.05, paired Student’s t test. Right, EPSCs elicited by two successive stimuli at an interval 50 ms before and during MAP mine transporter (DAT), leading to its
application. Each trace is the average of 12 consecutive traces. In the superimposed trace, initial EPSCs during methamphetamine
functional suppression. Interestingly,
application were normalized to those recorded under control conditions. Calibration: 100 pA, 20 ms. C, Effect of pretreatment of
stimulation of a group I mGlu receptor
MPEP (100 M; open bar) on MAP-induced attenuation of EPSCs. D, Summarized comparative histograms showing effects of MAP
alone (n ⫽ 5) and MPEP combined with MAP (n ⫽ 4). **p ⬍ 0.01, unpaired Student’s t test. E, Amplitude of EPSCs after bath by a selective agonist has also been
shown to abolish functional diminishapplication of MPEP alone. F, Normalized EPSC amplitudes plotted before and during application of MPEP.
ment of DAT consequent to pharmacological inhibition of PKC and calcium/
because a 10% difference at maximum needs to be examined
calmodulin-dependent protein kinase II (Page et al., 2001).
among three or four conditions, each supposedly having 5% variTogether with our data, these observations support the conability. In contrast, the present data provide explicit evidence for
tention that an intrastriatal group I mGlu receptor could parthe reversal of methamphetamine-stimulated dopamine release
ticipate in the regulation of the dopaminergic system via a
by preadministered MPEP, because the differential of BPND for
molecular mechanism highly overlapped with that involved in
[ 11C]MNPA between methamphetamine challenges with or
amphetamine- and methamphetamine-induced dopamine
without MPEP greatly surpassed the variability of measurements.
overflows. It is also likely that MPEP counteracts amphetIn fact, injection of MPEP at a dosage of 1 mg/kg was found to
amines at synaptic terminals in the striatum by reversing ennormalize the BPND value in monkeys by decreasing it by 20%,
hanced phosphorylation of DAT. This represents a plausible
much larger than the probable variability of 5%. This also indiexplanation for the unequivocal efficacy of MPEP in normalcates that MPEP was potent enough to attenuate the occupancy
izing the disrupted control of dopaminergic neurotransmisof available high-affinity synaptic D2/3 receptors by overflowing
sion without pronounced influences in the normal condition
dopamine from the above-mentioned value (38%) in the methand highlights the pathophysiological and therapeutic signifiamphetamine test to ⬍11% (corresponding to baseline BPND
cances of striatal group I mGlu receptors in neurological and
plus 5%).
psychiatric disorders, besides the previously proposed scheme
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on the contribution of these receptors in cell bodies of nigral
dopamine neurons to the modulation of striatal dopamine
levels (Gołembiowska et al., 2003). In light of this insight,
group I mGlu receptors in the striatum could be tightly linked
to dysregulation of dopamine neurons involving DAT but may
not be critically implicated in disorders of the dopaminergic
system mediated by other mechanisms. Indeed, our preliminary microdialysis assay illustrated no overt influences of
MPEP pretreatment on dopaminergic overflow stimulated by
inhibition of NMDA receptors with phencyclidine (supplemental Fig. 3B, available at www.jneurosci.org as supplemental material), which is in line with discrepant actions of MPEP
on amphetamine- and phencyclidine-induced hyperlocomotions (Pietraszek et al., 2004). The extent of pathogenic implication of group I mGlu receptor in neuropsychiatric disorders
would be proven by PET imaging of living patients with
emerging radioligands (Ametamey et al., 2006), which would
rationalize medicinal intervention in ill-balanced glutamatergic– dopaminergic tones.
The present electrophysiological assessments also provide a
notion on distinct contributions of the D1/5 and D2/3 systems to
the striatal glutamatergic neurotransmission, clarifying the significance of investigating D2/3 receptors in living brains by
[ 11C]MNPA-PET imaging. This would be of particular significance in exploiting simultaneous modulations of glutamate
receptors and a subtype of dopamine receptors as
therapeutic approaches. The nearly complete abolishment of
methamphetamine-induced EPSC attenuation by antagonism to
D2/3 receptors supports the predominance of the D2/3 system in
modulation of synaptic glutamate levels, whereas the partially
persistent effects of methamphetamine on EPSC during blockage
of D1/5 receptors implies roles of these receptors in regulating the
gain of the response of MS neurons to the glutamatergic input. It
should also be noted that the involvement of the D1/5 system in
pathophysiological conditions and its relationship to the glutamatergic systems would be examined by combined PET, neurochemical, and electrophysiological assays as designed here for the
D2/3 system, if an appropriate agonistic radioligand for D1/5 receptors is available.
We offer the present animal imaging system in combination
with an agonistic D2/3 receptor radioligand in the hope of its
applicability for the discovery and pharmacodynamic characterization of a broad range of candidate therapeutic agents capable
of manipulating dopaminergic activity through the action on
mGlu receptors. In this context, drugs being used in current clinical trials, including the mGlu2/3 agonist LY354740, which was
shown to modulate amphetamine-induced changes of [ 11C]raclopride binding in a PET study for anesthetized baboons (van
Berckel et al., 2006), could also be assessable in animal models
and humans by using our methodology with a feasible sensitivity
to endogenous dopamine levels and without concomitant anesthetic effects. The mechanistic basis of such neuroimaging investigations could be supplemented at a synaptic level by electrophysiological approaches to a specific connection in the circuitry
involving dopamine neurons. To summarize, this study delineates technical and conceptual foundations of research strategy
for gaining in vivo insights into the molecular signaling network
converging on dopaminergic dysregulation in neuropsychiatric
disorders.
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