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Abstract
Previous preclinical and clinical studies have demonstrated the efficacy of group II metabotropic
glutamate receptor (mGluR) agonists as potential antipsychotics. Recent studies utilizing
mGluR2-, mGluR3-, and double knockout mice support that the antipsychotic effects of those
compounds are mediated by mGluR2. Indeed, biphenyl indanone-A (BINA), an allosteric
potentiator of mGluR2, is effective in experimental models of psychosis, blocking phencyclidine
(PCP)-induced hyperlocomotion and prepulse inhibition deficits in mice. In this study, we
administered the NMDA receptor antagonist PCP (5.6 mg/kg i.p.) to rats, an established animal
model predictive of schizophrenia. Here, we show that BINA (32 mg/kg i.p.) attenuated PCP-
induced locomotor activity in rats. Using behaviorally relevant doses of BINA and PCP, we
performed pharmacological magnetic resonance imaging (phMRI) to assess the specific brain
regions that underlie the psychotomimetic effects of PCP, and examined how BINA modulated the
PCP-induced functional changes in vivo. In anesthetized rats, acute administration of PCP
produced robust, sustained blood oxygenation level-dependent (BOLD) activation in specific
cortical, limbic, thalamic, and striatal regions. Pretreatment with BINA suppressed the amplitude
of the BOLD response to PCP in the prefrontal cortex, caudaute–putamen, nucleus accumbens,
and mediodorsal thalamus. Our results show key brain structures underlying PCP-induced
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behaviors in a preclinical model of schizophrenia, and, importantly, its reversal by potentiation of
mGluR2 by BINA, revealing specific brain regions functionally involved in its pharmacological
action. Finally, our findings bolster the growing body of evidence that mGluR2 is a viable target
for the treatment of schizophrenia.
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Glutamate, the primary excitatory neurotransmitter of the mammalian central nervous
system (CNS), not only elicits fast excitatory synaptic responses via ionotropic glutamate
receptors (Hollmann et al., 1994; Nakanishi, 1998), but also activates G protein-coupled
metabotropic glutamate receptors (mGluRs), which induce neuromodulatory effects
(Sugiyama et al., 1989; Cha et al., 1990). The eight subtypes of mGluRs are divided into
three specific groups (Group I: mGluR1, 5; Group II: mGluR2, 3; Group III: mGluR4, 6, 7,
8) based on their molecular structure, signal transduction, and pharmacology (Conn and Pin,
1997; Schoepp et al., 1999). Of the group II mGluRs, mGluR2 localizes presynaptically in
the cortex, thalamus, striatum, amygdala, and hippocampus (Moghaddam and Adams, 1998;
Gu et al., 2008), reducing transmission at glutamatergic synapses (Anwyl, 1999; Cartmell
and Schoepp, 2000), while mGluR3 is primarily expressed by glia (Ohishi et al., 1993; Gu et
al., 2008). Based on their function as neuromodulatory autoreceptors and their forebrain and
limbic distribution, group II mGluRs represent viable pharmacological targets for the
treatment of schizophrenia, having shown promising results in preclinical and clinical
studies (Moghaddam and Adams, 1998; Galici et al., 2005, 2006; Krystal et al., 2005; Patil
et al., 2007). Pharmacological analyses in mGluR2-, mGluR3-, and double knockout mice
support the hypothesis that the mGluR2 subtype mediates the antipsychotic-like effects of
group II (mGluR2/3) agonists (Spooren et al., 2000; Woolley et al., 2008; Fell et al., 2008),
suggesting that selective mGluR2 agonists should be similarly effective. An alternative
approach to group II mGluR agonists is subtype-selective positive allosteric modulation of
mGluR2. Interestingly, mGluR2 potentiators do not activate the receptor directly but act at
an allosteric site, inducing a leftward shift of the glutamate concentration-repsonse curve
(Johnson et al., 2003, 2005; Galici et al., 2005, 2006) and can mimic many of the mGluR2/3
agonists in animal models predictive of antipsychotic activity, including reversal of
phencyclidine (PCP)-induced hyperlocomotor activity in mice (Galici et al., 2005, 2006;
Johnson et al., 2005).

Due to its psychotomimetic effects, acute administration of the noncompetitive N-methyl-D-
aspartate receptor (NMDAR) antagonists, such as PCP, is a widely used method for
establishing animal models predictive of schizophrenia for the purpose of evaluating
antipsychotics (Bakshi et al., 1994; Moghaddam and Adams, 1998; Cartmell et al., 1999;
Spooren et al., 2000; Adams and Moghaddam, 2001; Risterucci et al., 2005; Gozzi et al.,
2008a; Mouri et al., 2007). In rodents, PCP dramatically alters motor behavior, increasing
horizontal locomotion, and inducing repetitive head and limb movements (stereotypy)
(Sturgeon et al., 1979; Sams-Dodd, 1996). These behaviors are associated with alterations in
limbic striatal function (Matthysse, 1986), and such “dysfunctional repetitive motor
behavior” occurs in schizophrenia (Morrens et al., 2006). PCP also produces
“schizophrenia-like symptoms” in rodents, including disruption of prepulse inhibition and
working memory (Bakshi et al., 1994), analogous to its effects in healthy humans (Krystal et
al., 1994). In fact, PCP administration to healthy volunteers triggers a behavioral state that
mimics specific aspects of schizophrenia, such as thought disorder and hallucinations (Javitt
and Zukin, 1991; Tamminga, 1998; Krystal et al., 1999).
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In rodents, PCP administration leads to excess glutamate release in forebrain and limbic
regions (Schoepp and Marek, 2002). Since agonist activation of group II mGluRs decreases
PCP-evoked glutamate release (Schoepp and Marek, 2002), we hypothesized that positive
allosteric modulation of mGluR2 with biphenyl indanone-A (BINA), which potentiates the
effects of glutamate (Galici et al., 2006) should suppress PCP-mediated brain activation and
resulting behavior. Reversal of PCP-induced locomotor activity is a standard experiment for
testing antipsychotic-like activity of compounds, while pharmacological magnetic resonance
imaging (phMRI) can reveal the specific sites of action of NMDAR antagonists and
antipsychotics (Risterucci et al., 2005; Littlewood et al., 2006; Gozzi et al., 2008a). The
central hemodynamic response serves as a biomarker of brain activity (Ogawa et al., 1990;
Detre and Wang, 2002; Gore, 2003), so phMRI is an extensively used neuroimaging
technique for mapping the spatio–temporal effects of psychoactive drugs in vivo (Chen et
al., 1997; Schwarz et al., 2004; Febo et al., 2005; Gozzi et al., 2006; Williams et al., 2007).
Here we utilized behaviorally relevant doses of BINA and PCP in our phMRI studies to
assess the specific brain regions activated by PCP and to determine whether pretreatment
with BINA blocks regional PCP-induced brain activation. This is the first report to
characterize the specific brain regions integral to the ability of selective potentiation of
mGluR2 to suppress PCP-induced hyperlocomotion.

EXPERIMENTAL PROCEDURES
Animals

Adult male Sprague–Dawley rats (250–375 g) (Harlan, Indianapolis, IN, USA) were tested
in PCP-hyperlocomotion and phMRI studies. Rats were housed three per cage and
maintained on a 12-h light/dark cycle (lights on at 6:00 AM) with water and food available ad
libitum. All procedures were approved by the VUMC Institutional Animal Care and Use
Committees and were conducted according to the NIH Guide for the Care and Use of
Laboratory Animals.

Drugs
PCP hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline and
administered at a dose of 5.6 mg/kg interperitoneally (i.p.). BINA was synthesized by the
Vanderbilt Institute for Chemical Biology Core as previously described (Galici et al., 2006).
For both behavioral and phMRI experiments, BINA was dissolved in 10% 1 N NaOH and
10% Tween-80 with the pH adjusted to 7.4 using 8.5% lactic acid. BINA was administered
as a single dose of 32 mg/kg (i.p.).

PCP-induced hyperlocomotion
Apparatus—Locomotor experiments were performed in open field chambers (27×27×20
cm3) equipped with 16 horizontal (x- and y-axes) infrared photobeams located 2 cm above
the chamber floor (Med Associates, Inc., St. Albans, VT, USA). Photobeam breaks,
indicating changes in locomotor activity, were recorded with a Pentium I computer equipped
with rodent activity monitoring system software (Med Associates).

Blockade of PCP-induced hyperlocomotion—PCP-induced hyperlocomotion
experiments were performed using a between-subject counterbalanced design (animals were
tested only once). All test sessions took place between 12:00 PM and 6:00 PM. First, PCP dose-
response studies were performed using 5.6 and 10 mg/kg (i.p.). 5.6 mg/kg was determined to
be the optimal dose (data not shown), and was used for the subsequent behavioral
experiments. To assess the effects of 30 min pretreatment with BINA on PCP-induced
hyperlocomotion, four groups of drug naive, adult male Sprague–Dawley rats (8–12 per
dose group) were tested: Vehicle/Vehicle (Veh/Veh), Vehicle/PCP (Veh/PCP), BINA/PCP,
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and BINA/Vehicle (BINA/Veh). Animals were individually placed in separate open field
chambers, and after 30 min were pretreated with either vehicle (1 ml/kg i.p.) or BINA (32
mg/kg i.p.) and returned to their chambers for another 30 min, for a total habituation period
of 60 min to measure baseline motor activity. After the habituation period, each rat received
a second injection of either vehicle (1 ml/kg saline, i.p.) or PCP (5.6 mg/kg i.p.), and their
stimulant-driven locomotor activity was measured for 60 min. Data were collected as
average counts (i.e., average total number of beam breaks) in 5-min time bins.

Pharmacological MRI
Animal surgery and preparation—For the phMRI studies, animal surgery and
preparation for phMRI were performed in adult male, Sprague–Dawley rats as described
previously (Hackler et al., 2007). Briefly, rats were anesthetized with 2% isoflurane and a
P50 catheter (Braintree Scientific, Braintree, MA, USA) was inserted into the intraperitoneal
cavity for drug administration. The rat was tracheotomized (14-gauge, 3 cm long; Johnson &
Johnson, New Brunswick, NJ, USA) and connected to a mechanical ventilator (Kent
Scientific, Litchfield, CT, USA), which delivered a gas mixture of 33:67% O2/N2O. Heart
rate, respiration rate, and temperature were measured using a magnetic resonance-
compatible monitoring system, which controlled a thermocoupled heating unit for
maintenance of body temperature (SAM-PC; SA Instruments, Encinitas, CA, USA). Ten
minutes prior to the scan, rats were paralyzed with a bolus of pancuronium bromide (2 mg/
kg i.p.; Sigma-Aldrich, St. Louis, MO, USA), and isoflurane was reduced to 1% for the
duration of the experiment. Oxygen (Sp02) and end-tidal carbon dioxide (etC02) levels were
continuously monitored using the magnet-compatible Magnitude monitoring system™
(Invivo Research, Orlando, FL, USA).

Acquisition—All phMRI measurements were acquired using a 7T Varian magnet (16 cm
bore) controlled by a Varian Inova console running VnmrJ 1.1D software (Varian
Instruments, Palo Alto, CA, USA). The animals were placed on a custom-built stereotaxic
plexiglas platform and fixed into position with an incisor bar and Teflon ear bars. A 20-mm
dual transmit-receive radio frequency surface coil (Varian) was secured to the dorsal surface
of the rat’s head. Prior to drug administration, a full set of high resolution fast spin-echo
structural MR images were collected [repetition time (TR), 4000 ms; echo spacing (TE), 10
ms; number of excitations (NEX), 2; 256×128×8 matrix; 30×30×2 mm3 field of view
(FOV)]. Following a 20 min baseline period, pretreatment drug, either BINA or vehicle, was
administered via i.p. catheter. Challenge drug, PCP or corresponding vehicle, saline, was
administered 30 min after the first injection. All drugs were delivered through tubing
attached to the i.p. catheter. Functional images were acquired using a gradient-echo
sequence (TR, 200 ms; TE, 12 ms; flip angle, 20°; NEX, 2; 64×64×8 matrix; 30×30×2 mm3

FOV). Functional images following drug administration were superimposed on structural
images taken prior to drug injection to identify regions of interest (ROI), that is, specific
areas that show significant changes in the blood oxygenation level dependent (BOLD)
signal.

Data analysis
Motor activity data were calculated as the average number of beam breaks in each 5-min
period (counts/5 min) during the 60 min following PCP. The mean total locomotor activity
during the 60 min after PCP injection was compared by one way ANOVA followed by post
hoc Dunnett’s multiple comparison post hoc test to determine group differences. All results
are expressed as mean±SEM with a P<0.05 considered significant. Data were compiled,
analyzed, and plotted using GraphPad Prism 2.01 (GraphPad Software, Inc., San Diego, CA,
USA).
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Time course analyses of phMRI data were performed using MATLAB software (Version
7.0.4; MathWorks, Inc., Natick, MA, USA). To measure changes in specific brain regions,
ROI analyses were performed using structural markers and a rat brain atlas as a guide
(Paxinos and Watson, 1998). ROIs were drawn to include the caudate–putamen (C–P),
nucleus accumbens (NAc) (core and shell), prefrontal cortex (PFC), thalamus (Thal)
(including mediodorsal, lateral, ventral, ventromedial nuclei), and the mediodorsal thalamic
nucleus (MDTN) (including the medial, central, lateral, and paralaminar parts) (Fig. 1). Raw
image intensities from each subject were converted to a percentage BOLD signal change
relative to the pre-PCP baseline period (ΔS/S0), with extraneous signal stemming from
physiological sources (i.e., respiration, heart beat) extracted using principal component
analysis (Andersen et al., 1999; Thomas et al., 2002). Data were further processed by linear
detrending to correct for baseline signal drift. For group analyses, ROI BOLD signal
intensities (ΔS/So) from individuals were averaged across animals for each treatment group.
Area under the curve (AUC) was calculated for the first 15 min post-challenge injection
period for each animal. The values from both the left and right hemispheres were averaged
and data were analyzed using one-way ANOVA and Dunnett’s multiple comparison post
hoc test. Differences were considered significant at P<0.05. Group mean AUC maps were
generated using Analysis of Functional NeuroImages (AFNI) (afni.nimh.nih.gov/afni). Raw
image intensities from each animal were converted to a percent BOLD signal change
relative to baseline (pre-PCP injection period) (% ΔS/S0) on a voxel-wise basis and linearly
detrended to correct for baseline signal drift. These processed images for each treatment
condition were group-averaged and coregistered to a set of high-resolution anatomic
reference images. To create group mean AUC maps, individual AUC values were calculated
for each voxel for the 15 min post-PCP period then averaged for each group. Maps were
colorized according to the voxel AUC value and AFNI’s linear interpolation was applied.

RESULTS
BINA suppresses PCP-induced hyperlocomotion

Previous studies in mice have shown that BINA, a highly selective allosteric potentiator of
mGluR2, blocked PCP-induced hyperlocomotion (Galici et al., 2006). We performed PCP-
induced locomotor activity studies in Sprague–Dawley rats to determine whether BINA
could elicit similar effects with a shorter pretreatment interval. First, the locomotor profiles
induced by two different doses of PCP (5.6 and 10 mg/kg i.p.) were assessed to determine
the optimal subanesthetic dose that would produce a behavioral phenotype (i.e., significant
increases in locomotor activity) since high levels of PCP elicits a sedative effect (Sturgeon
et al., 1979). We found that 5.6 mg/kg was an optimal dose, generating more motor activity
than at 10 mg/kg (data not shown).

The locomotor activities of animals pretreated with BINA (BINA/PCP group) were
measured to evaluate the effectiveness of mGluR2 potentiation when compound was
administered 30 min before PCP injection. Locomotor activity of all animals placed in the
novel open field chambers decreased rapidly over time reaching very low levels, from over
1000 beam breaks/5 min, due to exploratory activity, to under 300 by the end of the 1 h
habituation period (Fig. 2A). Pretreatment drug BINA (32 mg/kg i.p.) or corresponding
vehicle was administered 30 min after placement into the chamber, followed by PCP (5.6
mg/kg i.p.) or saline injection after the last 30 min of habituation. As expected, in vehicle
pretreated animals, PCP triggered a rapid surge of horizontal locomotion and other distinct
PCP-mediated behaviors, such as stereotopy (i.e., head-weaving and back-treading),
circling, and falling, which were not separately assessed, but included in the total number of
beam breaks. PCP-induced hyperactivity reached a maximum approximately 10 min after
injection in the Veh/PCP group (Fig. 2A). One-way ANOVA demonstrated a drug-
dependent effect in average horizontal counts during the 60 min post-PCP period
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[F(3,39)=6.841, P=0.0009], and post hoc analysis indicated a significant effect of BINA (32
mg/kg i.p.) pretreatment with motor activity significantly greater in the Veh/PCP group
(530.3±107.6 counts) over the BINA/PCP (267.5±34.16 counts; P<0.05), Veh/Veh
(159.9±21.72 counts; P<0.01), and BINA/Veh (142.3±31.34 counts; P<0.01) groups (Fig.
2B). The mean number of beam breaks post-PCP was not different per se between the
BINA/PCP group and their Veh/Veh or BINA/Veh cohorts (P>0.05) (Fig. 2B). BINA itself
did not alter motor activity such that the locomotor profiles of saline-injected animals
pretreated with vehicle (Veh/Veh) or BINA (BINA/Veh) overlapped, with animals
remaining habituated to the chamber (Fig. 2A).

PCP-induced BOLD signal changes in cortical, striatal, thalamic, and limbic regions
We pharmacologically challenged subjects with PCP (5.6 mg/kg i.p.) to assess the brain
regions activated by the psychotomimetic agent. Acute PCP administration in drug naive
rats led to robust, sustained activation of cortical, striatal, and mediodorsal thalamic brain
regions as shown by mean AUC activation maps depicting the 15 min post-stimulant
window of the PCP-induced BOLD response in five coronal brain slices (Fig. 3A). These
brain sections include the PFC, C–P, Thal, and NAc for which we analyzed time courses and
AUCs (Fig. 4). The time courses of PCP-mediated BOLD signal changes were similar in all
regions showing activation (Fig. 4). We observed statistically significant PCP-induced
BOLD increases in ROIs encompassing the PFC, C–P, and MDTN, but not in the NAc (Fig.
4C) by one way ANOVA and post hoc analyses.

BINA suppresses PCP-induced BOLD signal changes
For the phMRI studies, BINA was administered at the same dose (32 mg/kg) and
administration route (i.p.) as in the locomotor behavior experiments to evaluate the ability of
mGluR2 potentiation to modulate PCP-induced brain activation. The group mean AUC
maps (Fig. 3B) show that potentiation of mGluR2 with BINA 30 min before PCP
administration suppressed the PCP response, as demonstrated by the lower mean AUC
values for BINA/PCP compared to the Veh/PCP group in the PFC, C–P, NAc, MDTN, as
well as the retrosplenial and motor cortices. We characterized the extent of BOLD activation
induced by PCP and the suppressive effects of mGluR2 potentiation by time course and
AUC analyses. Time series and AUC data from specific ROIs revealed marked BINA-
mediated inhibition in the PFC and C–P (Fig. 4A, B). BINA pretreatment completely
blunted the amplitude of PCP-induced activation in these regions for the entire scan duration
(Fig. 4A, B). One-way ANOVA demonstrated a drug-dependent effect in post-challenge
AUC for the PFC [F(3,23)=7.313, P=0.0017] and C–P [F(3,23)=5.630, P=0.0058] with post
hoc analysis indicating that the AUC values for the BINA/PCP group were significantly
different from that of Veh/PCP (PFC and C–P, P<0.01). Similarly, there was a significant
difference between the Veh/PCP group compared to Veh/Veh (PFC and C–P, P<0.05) and
BINA/Veh (PFC, P<0.05; C–P, P<0.01) control groups. Although there was a significant
difference in BOLD AUC in the NAc [F(3,23)=0.4.086, P=0.025], post hoc analysis
demonstrated that the nominal increase in PCP-mediated activation was not significant
compared to vehicle challenge (P>0.05) in that region. BINA pretreatment, however,
significantly decreased brain activation in the NAc in both BINA/PCP and BINA/Veh
groups compared to the Veh/Veh control (P<0.05) (Fig. 4C). In the mediodorsal thalamic
nucleus, a region with projections to the frontal cortex, we found significant decreases in
brain activity in subjects pretreated with BINA (BINA/PCP) compared to animals treated
only with PCP (Veh/PCP) [F(3,23)=3.440, P=0.0364] (Fig. 4E).
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DISCUSSION
The present findings represent the first report of the characterization of a novel mGluR2
positive allosteric modulator, BINA, on changes in brain activation by phMRI. Our results
demonstrate that selective positive allosteric modulation of mGluR2 can inhibit abnormal
hyperglutamatergic brain activity induced by the NMDAR antagonist PCP, a widely used
pharmacological challenge that induces symptoms similar to schizophrenia in healthy
humans. The ability of BINA to suppress PCP-mediated brain activity correlated with results
from the behavioral studies, reversal of PCP-induced hyperlocomotor activity, similar to the
actions of clinical antipsychotics and mGluR2/3 agonists. Our findings provide further
evidence that the antipsychotic-like effects of mGluR2/3 agonists in animal models can be
mimicked by selective potentiation of mGluR2 by BINA, raising the exciting possibility that
selective allosteric potentiators of mGluR2 may provide antipsychotic efficacy in patients.
In fact, recent studies in mGluR2-, mGluR3-, and double knockout mice have demonstrated
that the antipsychotic effects of mGluR2/3 agonists are mediated by mGluR2 (Spooren et
al., 2000; Woolley et al., 2008; Fell et al., 2008), and interestingly, our results support
previous work by Gozzi et al. (2008a) on the reversal of PCP-induced brain activation by the
mGluR2/3 agonist LY354740, also suggesting that selective mGluR2 potentiation is
sufficient to produce the antipsychotic effects observed in phMRI studies with group II
agonists. The lack of specific orthosteric agonists that discriminate between the two
subtypes due to the high conservation of the glutamate binding site underscores the
importance of selective allosteric modulators; thus the synthesis and characterization of
BINA by our group (Galici et al., 2006) was a major advance in further demonstrating the
feasibility of targeting individual mGluRs systemically, and revealed the antipsychotic-like
efficacy of selective mGluR2 potentiation in murine models, which could be abolished by
the mGluR2/3 antagonist LY341495 (Galici et al., 2006). Here, we were able to replicate the
suppressive effects of BINA on PCP-induced hyperlocomotor activity in rat with a shorter
30-min pretreatment, which confirmed its behavioral efficacy and also served as a
benchmark for compound dosing for our phMRI studies. Interestingly, BINA has also been
shown to suppress hallucinogen-induced behaviors (Benneyworth et al., 2007). Its success in
two distinct preclinical paradigms of schizophrenia warranted further investigation on its
sites of action.

Unlike the various mGluR2/3 agonists previously evaluated, BINA’s discrimination
between the two subtypes (Galici et al., 2006) renders it a useful tool to study the role of
mGluR2 in the CNS with particular relevance to schizophrenia due to its presynaptic
expression pattern and function. In order to better understand the underlying circuitry
mediated by pharmacologic agents, we utilized phMRI using BOLD contrast, which is
sensitive to fluctuations in the oxygenation state of hemoglobin in blood and blood flow that
follows changes in neuronal activity and is directly translatable to human imaging (Ogawa et
al., 1990; Logothetis et al., 2001; Gore, 2003). Clinical phMRI studies have reported
NMDAR antagonist-mediated increases in regional BOLD signal (Deakin et al., 2008) as
well as BOLD signal changes associated with task performance relative to control subjects
(Abel et al., 2003; Northoff et al., 2005; Daumann et al., 2008; Honey et al., 2008). For
example, Deakin et al. (2008) recently demonstrated that ketamine induced BOLD signal
increases in frontal gyri, middle temporal gyrus, and thalamus in healthy volunteers similar
to results from an earlier PET study showing significant increases in regional cerebral blood
flow in the frontal cortex, anterior cingulate, caudate, putamen, and thalamus (Langsjo et al.,
2003). Acute NMDAR antagonist administration has also been recently adapted for rodent
phMRI studies in which a similar sensitivity to NMDAR antagonism has been demonstrated,
highlighting the relevance and utility of the rodent PCP model. Our findings are consistent
with these animal and clinical phMRI data with acute PCP drug challenge producing a
robust, sustained BOLD response in distinct brain structures of anesthetized rats, specifically
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the PFC, C–P, and thalamus, converging with cortico–striato–thalamic circuitry implicated
in the pathophysiology of schizophrenia. The phMRI results correlate with the behavioral
hyperactivity we observed upon PCP administration in the locomotor studies and are also
consistent with PCP-induced regional cerebral blood volume (CBV) increases observed by
contrast-enhanced phMRI in anesthetized rat (Gozzi et al., 2008a), microdialysis results in
free-moving animals (Nishijima et al., 1996; Adams and Moghaddam, 2001), and [14 C]-2-
deoxyglucose autoradiographic studies after administration of NMDAR antagonists
ketamine and MK-801 in unanesthetized rats (Duncan et al., 1999). The nominal rise in
PCP-mediated BOLD signal we observed in the NAc, however, was not significant
compared to the vehicle treated (Veh/Veh) group, a similar finding to that of Gozzi et al.
(2008a).

Utilizing the PCP-induced BOLD signal readout, we examined whether selective
potentiation of mGluR2 with the positive allosteric modulator BINA could modulate the
response. BINA blocked PCP-evoked brain activation in the PFC, C–P, and MDTN,
revealing underlying circuitry consistent with the behavioral effects and expression pattern
of mGluR2 (Ohishi et al., 1993; Gu et al., 2008). The ability of mGluR2 potentiation to
block PCP-evoked BOLD signal in these specific regions are compelling as this circuitry is
found to be abnormal both structurally and functionally in schizophrenic patients (Andersen
et al., 1999; Shenton et al., 2001; Meyer-Lindenberg and Weinberger, 2006). A balance of
excitatory input from the cortex and thalamus to the dorsal striatum, dopaminergic
innervation from the striatum to the PFC, and reciprocal thalamo–cortical connections all
control normal processing, which is dysfunctional in schizophrenia (Meyer-Lindenberg and
Weinberger, 2006). The reversal of the PCP-induced increases in BOLD signal in the PFC
appears to correspond to BINA’s suppressive effects in PCP-induced hyperactivity
experiments as the PFC has been shown to mediate this behavior (Takahata and
Moghaddam, 2003), and, thus, may serve a functional readout for treatment of symptoms of
schizophrenia. Interestingly, BINA significantly decreased BOLD signal in the NAc
whether it was followed by vehicle (BINA/Veh) or PCP (BINA/PCP). These results are
consistent with the ability of the mixed mGluR2/3 agonist LY354740 to inhibit PCP-
induced CBV increases (Gozzi et al., 2008a). Unlike Gozzi et al. (2008a) we did not find
significant activation in the dorsal hippocampus by PCP. LY354740 could reverse this
regional response (Gozzi et al., 2008a), while BINA pretreatment led to a trend toward
decrease (data not shown). Although this difference could be attributed to mGluR3 in the
dorsal hippocampus, it is likely due to the higher sensitivity of the CBV phMRI method
utilizing exogenous contrast agent compared to the less invasive BOLD contrast method we
employed. Since BOLD functional magnetic resonance imaging (fMRI) is based on
hemodynamic response, drug-induced changes in cerebrovascular tone independent of
neural activity and on global cardiovascular function can confound results. No significant
changes in heart rate or etCO2 were observed following BINA administration in the present
study, and Gozzi et al. (2008a) reported that the mGluR2/3 agonist LY354740 did not
significantly alter mean arterial blood pressure, suggesting that, as for the direct mGluR2/3
agonist LY354740, there were no confounding cardiovascular effects of BINA.

While the mechanism underlying the effects of BINA are unclear, it is possible that BINA
potentiates presynaptic mGluR2 in the presence of glutamate leading to decreased
glutamatergic transmission, resulting in the inhibition of PCP-induced neural activity and
behavioral output by dampening excitatory neurotransmission in specific brain regions. Its
known function as an autoreceptor that decreases glutamatergic output supports this model.
Moreover, the decreased levels of mGluR2 transcript in postmortem brains of untreated
schizophrenic patients (Gonzalez-Maeso et al., 2008) support the hypothesis of abnormally
hyperexcitatory tone in the schizophrenic brain, which could be effectively normalized
through potentiation or activation of mGluR2. The adverse effects associated with current
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schizophrenia treatments, including severe extrapyramidal symptoms (typical
antipsychotics) as well as weight gain and agranulocytosis (atypical drugs) and failure to
address cognitive impairment (Kurz et al., 1995; Meltzer, 2004; Henderson, 2007)
underscore the need for alternative targets outside of the dopaminergic and serotonergic
systems. The advantages of BINA over an earlier mGluR2 receptor potentiator, LY487379
include its higher potency and longer duration of action (Galici et al., 2005, 2006), so that
the question of whether chronic mGluR2 potentiation leads to tolerance can now be tested.
Since positive allosteric modulators of mGluR2 decrease excitatory neurotransmission only
when there is sufficient glutamatergic tone, they may overcome the problem of potential
receptor desensitization from prolonged receptor activation. Indeed, tolerance developed to
the behavioral effects of the agonist LY379268 (Galici et al., 2005). In future studies, we
need to determine whether BINA continues to be efficacious in chronic dosing paradigms.
That mGluR2/3 agonists alleviated the cognitive deficits induced by the NMDAR antagonist
ketamine in healthy humans undergoing working memory tasks (Krystal et al., 2005) is very
compelling, and the potential role of mGluR2 on cognition needs to be addressed to
determine the subtype that can mediate procognitive effects.

Across numerous neuroimaging studies in awake volunteers and anesthetized rodents, a
similar pattern of NMDAR antagonist generated brain activation has emerged, so although
anesthesia attenuates neural activity, the level of isoflurane we utilized for phMRI does not
appear to have significantly altered or reduced the activation pattern produced by NMDAR
antagonists. It is important to recognize, however, that anesthesia could potentially dampen
functional response as inhalation and injectable anesthetics have been shown to alter
cerebral glucose metabolism (Dudley et al., 1982; Ori et al., 1986) and increase inhibitory
neurotransmission (Richards, 1995). However, since movement-associated artifacts would
have precluded analysis and interpretation of BOLD signal data (Hajnal et al., 1994), it was
not possible to perform these experiments in awake, free-breathing rats. Although Risterucci
et al. (2005) reported that PCP decreased perfusion in both the PFC and striatum, this
observation is likely due to the higher level of isoflurane (1.2%) used in their study
(Risterucci et al., 2005). A recent study on anesthesia-PCP interactions highlighted the need
to balance concentrations of both (i.e., 0.8% halothane or 1% isoflurane with subanesthetic
doses of PCP) to prevent negative responses in areas that are normally activated (Gozzi et
al., 2008b). In our studies, 1% isoflurane, the minimum concentration we could allow for
proper maintenance anesthesia in all animals, did not result in negative BOLD patterns of
response to PCP at 5.6 mg/kg, a concentration that led to robust increases in locomotor
output.

CONCLUSION
In conclusion, the current studies bolster the growing body of evidence that mGluR2 is a
promising target for the treatment of schizophrenia. By utilizing the psychotomimetic PCP,
we were able to show the antipsychotic-like activity of the selective mGluR2 allosteric
potentiator BINA. Its efficacy in alleviating a hyperglutamatergic state was demonstrated by
its ability to suppress PCP-mediated hyperlocomotion and reduce PCP-induced brain
activity in the rat. By utilizing phMRI, we were able to map the PCP-induced BOLD
response and evaluate its blockade by BINA pretreatment in vivo. By resolving PCP
activation and BINA extinction maps, we showed that potentiation of the mGlu2 receptor
can block PCP-mediated brain activity in structures linked to schizophrenia, defining the
mechanism of this compound at the brain circuitry level, which has important implications
for the development of novel antipsychotic drugs. This study also underscores the utility of
phMRI to determine neuropharmacological mechanisms underlying the effects of
therapeutics for treating psychiatric and neurological disorders.
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AFNI Analysis of Functional NeuroImages

AUC area under the curve

BINA biphenyl indadone-A

BOLD blood oxygenation level-dependent

CBV cerebral blood volume

CNS central nervous system

C–P caudate–putamen

fMRI functional magnetic resonance imaging

FOV field of view

MDTN mediodorsal thalamic nuclei

mGluR metabotropic glutamate receptor

NAc nucleus accumbens

NEX number of excitations

NMDAR N-methyl-D-aspartate receptor
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Fig. 1.
Regions of interests (ROIs) for BOLD time course and AUC analyses. Boxes indicate ROIs
covering the caudate–putamen (C–P), prefrontal cortex (PFC), and nucleus accumbens
(NAc) at the level of Bregma 2.20 mm, and thalamus (Thal), and the mediodorsal thalamic
nucleus (MDTN) at Bregma −3.30 mm (figures are based on Paxinos and Watson, 1998).
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Fig. 2.
BINA suppresses PCP-induced hyperlocomotion in rats. (A) Pretreatment with BINA (32
mg/kg i.p.) 30 min after animals were placed in the open field chamber and 30 min before
PCP (5.6 mg/kg i.p.) administration attenuated PCP-induced hyperlocomotor activity. Times
of injections (t=30 min for BINA and t=60 min for PCP) are indicated by arrows. (B) The
average locomotor activity during the 60 min after PCP administration is significantly
higher in the Veh/PCP group than in the Veh/Veh (* P<0.01), BINA/PCP († P<0.01), and
BINA/Veh (‡ P<0.01) groups. Data (average counts/60 min) is presented as mean±SEM
(n=8–12 per dose group).
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Fig. 3.
Group AUC maps. Group maps depict mean AUC on a voxel-wise basis for the 15 min post-
PCP interval for the (A) Veh/PCP group, which show widespread positive mean AUC
values and (B) BINA/PCP, which show lower mean AUC values. Colored pixels correspond
to AUC values. The five brain slices include the following regions: hippocampus, thalamus,
retrosplenial cortex, motor cortex, cingulate cortex, medial prefrontal cortex, caudate-
putamen, and nucleus accumbens.
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Fig. 4.
Time course and AUC analyses in specific ROIs. PCP-induced BOLD signal (fractional
change relative to baseline dS/So) increases in the (A) PFC (vs. Veh/Veh * P<0.05; vs.
BINA/PCP † P<0.01; vs. BINA/Veh ‡ P<0.05) and (B) C–P (vs. Veh/Veh * P<0.05; vs.
BINA/PCP † P<0.01; vs. BINA/Veh ‡ P<0.01) are suppressed by BINA pretreatment. BINA
pretreatment decreases BOLD activity in the (C) NAc and (E) MDTN (vs. BINA/PCP †

P<0.05; vs. BINA/Veh ‡ P<0.05). (D) For the entire thalamus, drug effects were not
significant. (n=5–7 per treatment group.) AUC was calculated for the first 15 min after PCP
injection.
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