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Abstract
Group II metabotropic glutamate receptors (mGluR2 and mGluR3) are implicated in schizophrenia.
We characterized mGluR2, 3 in the human prefrontal cortex (PFC) and mesencephalon then
compared cases with schizophrenia to matched controls. In the human brain, both receptors were
expressed in the PFC and, unlike the rodent, in dopaminergic cell groups. In schizophrenia, we found
significantly higher levels of mGluR2 mRNA in the PFC white matter. The expression of mGluR2,
3 in dopaminergic cells provides a mechanism for glutamate to modulate dopamine release in the
human brain and this species-specific difference is critical to understanding rodent models in
schizophrenia.
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Introduction
Eight metabotropic glutamate receptors have been cloned from the mammalian brain. They
are divided into three groups based on sequence homology, coupling to second messengers
and pharmacological profile. Group II metabotropic glutamate receptors, consisting of
mGluR2 and 3, have been implicated in several neuropsychiatric disorders. Both animal and
human data have implicated these receptors in the pathophysiology of schizophrenia. For
example, the administration of PCP to rats, a model of schizophrenia, increased glutamate
efflux in the prefrontal cortex and nucleus accumbens, increased locomotor activity and
stereotypies and impaired performance on a working memory paradigm (Moghaddam and
Adams, 1998). Pretreatment of these animals with a highly selective group II metabotropic
glutamate receptor agonist, LY 354740, abolished the PCP-induced glutamate efflux,
significantly reduced stereotypies and improved performance on the working memory
paradigm. In a later study, another potent mGluR2/3 receptor agonist, LY 379268, was shown
to selectively attenuate PCP-evoked increases in motor activity in rats in a manner similar to
the effect of the atypical antipsychotic, clozapine (Cartmell et al, 2000). In normal humans,
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ketamine, a glutamatergic agonist has been shown to induce cognitive deficits similar to those
found in schizophrenia. Pretreatment with LY354740 reduced the cognitive effects of ketamine
in a dose-dependent manner (Krystal et al, 2005). Increased mGluR2/3 protein in the PFC in
schizophrenia has been reported (Gupta et al, 2005) although not in all studies (Crook et al,
2002). An association between mGluR3 and schizophrenia has been reported in some (Fujii et
al, 2003; Egan et al, 2004; Chen et al, 2005) but not all (Marti et al, 2002; Norton et al, 2005)
human genetic association studies. One study reported an association between a mGluR3
polymorphism and treatment response (Bishop et al, 2005). Egan et al (2004) reported that the
A allele of SNP rs6465084 of mGluR3 was associated with poorer prefrontal function shown
by reduced verbal fluency and lower N-acetylaspartate levels. The latter finding has been
replicated (Marenco et al, 2006). In addition, this same SNP is associated with altered
expression levels of the glial glutamate transporter, EAAT2 (Egan et al, 2004). Taken together,
these data suggest a role of group II mGluRs in the pathophysiology of schizophrenia. More
recently, an mGluR2/3 agonist, LY 404039, has been reported to have antipsychotic activity
in patients with schizophrenia (Patil et al, 2007). The expression of these receptors in the human
brain has not been characterized.

In this study, we sought to: a) characterize the normal distribution of mGluR2 and 3 in the
human PFC and ventral mesencephalon, two brain regions important to the pathophysiology
of schizophrenia and b) compare these regions in brains of subjects with schizophrenia to
matched normal controls.

Materials and Methods
Human postmortem tissue specimens

Characteristics of subjects—Human brain specimens were obtained, during the course
of routine autopsy, through the Office of the Medical Examiners of the District of Columbia
with the informed consent of the next of kin. Clinical records were reviewed in each case by
two board-certified psychiatrists (MA and JEK) and collateral information was obtained,
whenever possible, from telephone interviews with surviving relatives of the deceased. Blood
and/or brain toxicology screens were conducted in each case. We excluded subjects with a
known history of neurological disorders, and an experienced neuropathologist examined each
case, both macroscopically and microscopically. Bielschowsky’s silver stain was used to rule
out neuritic pathology. Cases with significant neuropathological abnormalities such as strokes,
Alzheimer’s disease and others were excluded. The collection of human brain specimens was
approved by the Institutional Review Board of the NIMH Intramural Research Program
(protocol 90-M-0142). Antipsychotic medications administered to each case were compiled
from the available medical records. Dosages of each drug were converted to chlorpromazine
(CPZ) equivalents. A mean drug dosage was considered to be the average daily dose. Lifetime
CPZ equivalents was calculated by multiplying the average daily dose by duration of illness.

Thirty-seven human subjects between the ages of 18 and 80 were included in this study. There
were 27 male and 10 female subjects. Fourteen had a history of schizophrenia; four of them
had comorbid substance dependence. For each experiment, a cohort of subjects was chosen
from this group of 37 subjects; cases in cohort 1 and 2 were included in studies for the PFC
and ventral mesencephalon, respectively (table 1). Groups in each cohort were matched to age,
pH and post mortem interval.

Tissue Preparation and regional identification—In each case, cerebral hemispheres
were cut coronally into 1-1.5 cm blocks and the midbrain was cut into 1-1.5 cm blocks in a
plane perpendicular to its long axis. Tissue blocks were frozen immediately in a mixture of dry
ice and isopentane (1:1, v:v), cryostat sectioned at 14 μm, thaw-mounted onto gelatin-coated
subbed microscope slides, then dried and stored at -80°C. Every 50th section was stained for
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Nissl substance with thionin. Brodmann’s area 46 of the PFC was identified through Nissl
staining according to defined cytoarchitectural criteria (Rajkowska et al, 1995). For midbrain
sections, anatomical levels corresponding to Figure 57 in the “Atlas of the Human Brainstem”
by Paxinos and Huang (1995) were identified in each case using Nissl-stained sections and
tyrosine hydroxylase (TH) immunocytochemistry. Regional boundaries of the dopaminergic
(DA) cell groups within the midbrain were determined according to (McRitchie et al 1995).
Five cell groups were identified; the substantia nigra pars lateralis (SNL), the dorsal and ventral
tiers of the pars compacta (SND and SNV respectively), the paranigral nucleus (PN) and the
ventral tegmental area (VTA). These nuclei were chosen because they could be easily and
reliably identified at this anatomical level of the human mesencephalon.

Riboprobe Design
Specific PCR primers were designed for unique regions of human mGluR2 and mGluR3 cDNA
sequences. The primers used for mGluR2 were TACTGGGCAGAAGGCTTCACTC (sense,
bp 1419-40) and GGATGGCTTGGCAATGAAGATG (antisense, bp 1886-65) designed to
amplify a 318 bp fragment while the primers for mGluR 3,
GACACTTTTGGAGATGCAATGGG (sense, bp 1621-43) and
TGATGGCTTCGCAATGAAGAAC (antisense, bp 2163-42) were designed to amplify a 542
bp fragment. RT-PCR was performed with human whole brain poly (A)+ RNA. PCR products
were run on a 1% agarose gel to verify their size. The mGluR2 and mGluR3 PCR products
were then separately cloned into a bacterial vector, the pT-Advantage vector (Clontech), to
generate the riboprobe. E. Coli bacteria were then transformed with this vector containing either
mGluR2 or 3 PCR. Colonies of E. Coli were grown and plasmid DNA was isolated. This
isolated DNA underwent restriction analysis and complete ds-DNA sequencing to verify that
the correct PCR fragment had been cloned. The mGluR2 and mGluR3 plasmid inserts were
then subcloned into the pSport 1 vector (Life Technologies) in order to generate both sense
and antisense strands. The mGluR2 subclones were again verified by ds-DNA sequencing.
Plasmid insert orientation was determined by restriction mapping. The mGluR2 and mGluR3
probes were designed to detect full length transcripts of each gene. The mGluR3 probe detects
full length mGluR3 as well as the alternate transcript missing exon 4 (Sartorius et al, 2006).

In situ hybridization
Two 14 μM sections per region per case were used in each in situ hybridization experiment.
Tissue sections were processed and hybridized with 35S-UTP labeled riboprobes overnight at
55° C as previously described (Whitfield et al, 1990). In order to control for non-specific
hybridization, some sections from the PFC and ventral mesencephalon were hybridized with
radiolabeled sense strand for each experiment and under the same conditions used for the
antisense strand. Following the in situ procedure, slides were apposed to Kodak
autoradiographic film (Biomax) for 3 - 4 weeks along with 14C standards (American
Radiolabeled Chemicals, Inc., St. Louis, MO). Once the autoradiographic films were
developed, all the slides were dipped in photographic emulsion (Kodak Emulsion NTB-2),
dried and subsequently developed in D-19 developer (Kodak) after 12 – 24 weeks.

Quantitative Analysis
Autoradiographic films were scanned using a Hewlett-Packard Scanjet Plus flatbed at 300 dpi
resolution. Calibrated densitometric image analysis of autoradiograms was conducted, blind
to diagnosis using NIH Image software version v.1.61. (Rasband, NIH). Within area 46, we
sampled the grey matter (GM) and white matter (WM). For gray matter, sample areas traversed
the entire cortex; for the white matter, samples were taken from the subcortical region
immediately below the sampled GM area. In addition, all six cortical layers within a radial
traverse in the gray matter were sampled. We drew an elliptical area within each lamina, using
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the adjacent Nissl-stained section as a guide, and measured the mean optical density within
each ellipse. The mean optical density of two sections from each brain was used for statistical
analysis. Background was calculated from adjacent regions of the developed film that was not
exposed to radioactivity. In the ventral mesencephalon, we sampled five DA cell groups on
each side of each section (SNL, SND, SNV, PN and the VTA) as described before (Akil et al,
2003). An area of 1.76 mm2 in each cell group was sampled selecting the region of highest
density within each cell group. The results from both sections and from the right and left sides
were averaged in each subject. Mean values from each cell group and a total (sum) of means
from all five cell groups were used for statistical analyses.

Statistical Analysis
Correlations of mRNA levels with potential confounding demographic variables (age, pH, post
mortem interval (PMI), pH and RNA integrity number (RIN) were performed using Pearson
Product-Moment correlation coefficients. Diagnostic group differences in demographic
variables were tested with unpaired t-tests. Two separate univariate ANOVAs were performed
with diagnosis as the between-groups variable, and anatomic region (PFC GM layers II-VI;
DA cell groups) as the within-group independent variable and mGluR2 or mGluR3 mRNA
levels as the dependent variable. Univariate ANOVA was used to examine differences between
mGluR2 and mGluR3 mRNA expression levels in the PFC WM. Correlations of mRNA levels
with neuroleptic medication (lifetime neuroleptic exposure, daily dose and final neuroleptic
dose) were investigated in the schizophrenic cohort. Quantitative analysis of mGluR3 mRNA
in the ventral mesencephalon was not performed due to the minimal levels of gene expression
in DA cell groups. Effect sizes were calculated using Cohen’s d (Cohen, J, 1988). Additionally,
exploratory unpaired t-tests analyses were conducted comparing mGluR2 and 3 mRNA levels
in schizophrenia vs control for each PFC layer and each DA cell group.

Results
Prefrontal cortex

mGluR2 mRNA is expressed in the gray (GM) and white matter (WM) with higher levels found
in the GM. mGluR2 mRNA was expressed in a lamina-specific pattern with highest levels in
layer IV (Figure 1A). mGluR2 mRNA was also present, albeit less prominently, in layers II,
III, V and VI. At the cellular level, clusters of silver grain corresponding to the labeled hybrids
were noted over pyramidal (Fig 1B, C arrow) and non-pyramidal neuronal profiles. No clusters
of silver grains were visualized over glial profiles.

Similarly, mGluR3 mRNA was also expressed throughout the cortex in area 46 of the normal
human brain with higher levels in the GM. mGluR3 mRNA was expressed in a lamina-specific
pattern (Figure 1D) with the highest levels in layers II, IV, and deep V/superficial VI. At the
cellular level, silver grains were clustered over pyramidal (Fig. 1E, F arrow) and non-pyramidal
neuronal profiles. In contrast to mGluR2, silver grain clusters for mGluR3 were also detected
over glial profiles (Fig. 1E, F arrowhead).

Ventral Mesencephalon
mGluR2 was expressed in all cell groups examined in the ventral mesencephalon (Fig. 2A).
At the cellular level, silver grains were clustered over most but not all melanin-containing DA
neurons (Fig. 2F, G, and H). Some silver grains clustered over some melanin-negative neurons
in the SN pars reticulata (SNpr; Fig. 2 I, J). There were no silver grain clusters noted over glial
profiles.

We detected only minimal expression of mGluR3 in the human ventral mesencephalon (Fig.
2B). At the cellular level, occasional silver grain clusters were noted over melanized
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dopaminergic neurons (Fig. 2C, D, E arrow), non-melanized neurons in the SNpr (Fig. 2 C, D,
E arrowhead) and glial profiles.

Group comparisons
Variables including gender, mean age at death, postmortem interval (PMI), and pH of tissue
did not differ between the two diagnostic groups (table 1). Furthermore, there were no
correlations between pH, PMI or gender with mGluR2 or 3 mRNA expression levels in any of
the PFC layers, WM or DA cell groups (regions analyzed for primary analysis; all r between
-0.11 and 0.22, all p >0.05). There was a significant correlation between PMI and mGluR2
mRNA expression in the VTA (r = 0.62, p = 0.13). Antipsychotic medication status was
assessed in terms of lifetime dose, last known dose and average daily dose in chlorpromazine
equivalents. There was a significant inverse correlation between mGluR2 and lifetime dose of
antipsychotic in the GM (r = - 0.64, p = 0.048) but not the WM (r = - 0.44, p = 0.136). No
significant correlations were observed with mGluR3.

Analysis of densitometric measurements for mGluR2 in the PFC WM revealed a statistically
significant difference between diagnostic groups (F= 5.2, df = 1, 21, p = 0.03; fig 3a).
Comparisons of mRNA expression levels in PFC GM laminae between groups did not reveal
any difference for mGluR2 (F= 0.84, df= 4, 84, P = 0.50; fig 3a) or mGluR3 (F=1.63, df =4,
80, p =0.17; fig 3b, table 2). In the ventral mesencephalon, mGluR2 mRNA levels of the 5 DA
cell groups were not significantly different in subjects with schizophrenia compared to normal
controls (F = 0.84, df = 4, 52, p = 0.51). Co-varying for PMI or lifetime dose of antipsychotics
did not influence this result. Exploratory analyses find that mGluR2 mRNA is significantly
higher in the PN in schizophrenia. (t=2.1, df = 21, p = 0.05; fig 3c) while a trend was observed
for the SND (t = 1.91, df 21, p =0.06).

Discussion
In this study, we characterized the normal distribution of mGluR2 and 3 in the normal human
PFC and mesencephalon and compared expression levels of expression of these receptors in
cases of schizophrenia and matched normal controls. The two main findings of this study are
(1) Unlike rodents, human dopaminergic neurons express mGluR2 and 3 mRNA (2) levels of
mGluR2 mRNA is higher in the PFC WM in schizophrenia than in matched controls.

Normal Distribution
The distribution of mGluR3 mRNA in the human PFC (Brodmann areas 9, 10, 11) has been
previously described (Makoff et al, 1996; Ohnuma et al, 1998). Our findings are consistent
with the results of these previous studies. There are no reports of the normal distribution of
mGluR2 mRNA in the human PFC. Moreover, the pattern of mGluR2 and mGluR3 gene
expression in the human PFC that we characterized is similar to that described in the rat cerebral
cortex. Both pyramidal and non-pyramidal neurons, but not glia, were shown to express
mGluR2 (Ohishi et al, 1993a; Testa et al, 1994). The distribution pattern of human mGluR3
mRNA in the PFC is also in agreement with studies of the rat where mGluR3 is expressed by
both neurons and glia (Ohishi et al 1993b; Tanabe et al, 1993; Testa et al, 1994). In the
mesencephalon, however, there are significant differences in distribution of the mGluR2 and
mGluR3 between humans and rats. There is robust expression of mGluR2 in the human
mesencephalon. In contrast, mGluR2 gene expression is absent in DA neurons of the SN and
present at very low levels in DA neurons of the VTA (Ohishi et al, 1993a; Testa et al, 1994).
Similarly, mGluR3 is expressed by human, albeit at low levels, but not rat DA neurons (Ohishi
et al, 1993b; Testa et al, 1994, 1998). This species-specific distribution pattern of mGluR2 and
3 in DA neurons is potentially important as it suggests the presence of these receptors in
projections from the PFC and ventral mesencephalon. The circuit involving the
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mesencephalon, striatum and PFC has been implicated as a “psychosis” circuit. Descending
prefrontal cortical glutamatergic and ascending mesencephalic DA projections converge at the
level of individual dendritic spines to form synaptic triads in the striatum of non-human
primates (Sesack et al, 1990; Smith et al, 1994; Vezina et al, 1999). Similarly, in the PFC of
non-human primates, DA terminals, arising from the mesencephalon, form asymmetric
synapses on dendritic spines of pyramidal neurons that are closely apposed to asymmetric
synapses, presumably formed by glutamatergic terminals (Smiley et al, 1993). Given that
mGluR2 and 3 are expressed pre-synaptically in the human brain (Phillips et al, 2000; Crook
et al, 2002), our findings suggest that mGluR2 and 3 may have a unique role in this circuit (fig
4) by providing a molecular substrate for glutamate to directly modulate dopamine release.
Importantly, it may provide a mechanism by which the prefrontal cortex directly modulates
striatal dopaminergic neurotransmission in humans.

Differences in schizophrenia
In this study, we report significantly higher levels of mGluR2 mRNA in the PFC WM in
schizophrenia compared to controls. This finding is consistent with mounting evidence of WM
abnormalities in schizophrenia (Davis et al, 2003; Kubicki et al, 2005, Walterfang et al,
2006). Moreover, magnetic resonance imaging studies find decreases in PFC WM volumes in
patients with schizophrenia (Buchanan et al, 1998; Lim et al, 1998; Sanfilipo et al, 2000).
Additionally, decreased anisotropy, which reflects coherence of WM tracts, is seen in the PFC
of schizophrenic volunteers (Lim et al, 1999; Steel et al, 2002; Buchsbaum et al, 2006).
Evidence for WM dysfunction at the molecular level has been found in oligodendrocyte –
related genes in some studies (Hakak et al, 2001; review Davis et al, 2003 Haroutunian et al
2007), but not all (Lipska et al, 2007). The later study did not find changes in expression of 4
myelin-related genes, but did find differences in a subset of cases with schizophrenia with a
history of substance abuse as well as a significant effect of specific risk alleles in myelin-related
genes on their expression levels.

White matter integrity and function is influenced by a number of factors including the glutamate
system. Glutamate is released in an activity dependent manner in the white matter (Kriegler
and Chiu, 1993). Moreover, glutamate receptors and transporters are expressed in glial cells
within white matter fiber tracts (Hassel et al, 2003; Karadottir et al, 2005). In animals, altered
glutamate homeostasis is associated with oligodendrocyte and axonal damage (Follett et al,
2000; Matute et al., 1999, 2001; MacDonald et al, 1998; Werner et al., 2001). The impairment
in oligodendrocyte integrity seen in schizophrenia may be related to its sensitivity to glutamate.
In neurons, group II mGluRs reduce glutamate release via a presynaptic mechanism (review
Anwyl yet al, 1999). It is possible, therefore, that the increase in mGuluR2 expression in the
PFC WM in schizophrenia is related to altered glutamatergic function.

We recognize that the small sample size in this study raises the possibility of type II error. For
this reason, we calculated effect sizes that estimate the likelihood of finding differences with
larger sample sizes. Moderate to large effect sizes are seen in the PFC and DA cell groups
(Table 3). Also, we see an inverse relationship between mGluR2 mRNA expression and
lifetime dose of antipsychotics. This suggests that this receptor is a target of antipsychotic drug
action. Additionally, the presence of several polymorphisms in the mGluR3 gene, with specific
SNPs found to be associated with schizophrenia, will require studies with larger sample sizes.
A splice variant of mGluR3 has been reported (Sartorius et al, 2006), which deserves further
evaluation.

In summary, we find that human DA neurons, in contrast to rodents, express mGluR2 and 3.
This species difference should be taken into account when interpreting experimental findings
from rodent models of schizophrenia and in the design of clinical studies based on them. The
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difference in mGluR2 gene expression of the PFC white matter is relevant to the understanding
other WM alterations reported in schizophrenia.
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Figure 1.
Autoradiographs (A, D), bright field (B,E) and dark field (C,F) photomicrographs of tissue
sections from area 46 following in situ hybridization with cDNA probes for mGluR2 (A,
B,C) and mGluR3 (D,E,F) mRNA. Note that silver grains are clusters over cell bodies with
pyramidal (arrows) and glial (arrowheads) profiles. Scale bar = 20 microns.
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Figure 2.
Autoradiographs (A, B), bright field (C,F,I), dark field (D,G,J) and polarized epiflouresence
(for visualization of silver grains without interference by melanin; E,H) photomicrographs of
tissue sections ventral mesencephalon following in situ hybridization with cDNA probes for
mGluR2 (A,F-J) and mGluR3 (B, C-E) mRNA. Note that silver grains are clusters over cell
bodies of melanized neurons (arrows C-H), non-melanized neurons (arrowheads C-E) and glia
(arrows I,J). Scale bar C-E and F-J = 20 microns.
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Figure 3.
Mean mGluR2 (a,c) and mGluR3 (b) mRNA levels in the PFC (a,b) of normal subjects and
patients with schizophrenia in the gray matter (GM) and white matter (WM) and in five
dopaminergic cell groups (c) - the substantia nigra pars lateralis (SNL), the dorsal and ventral
tiers of the pars compacta (SND and SNV respectively), the paranigral nucleus (PN) and the
ventral tegmental area (VTA) (control white bars, schizophrenia filled bars).
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Figure 4.
Schematic illustrating distribution of mGluR2 and 3 in the prefrontal-mesencephalic-striatal
circuit. The striatum receives projections from PFC neurons and dopamine cell groups (a and
b, respectively). Group II mGluRs are expressed presynaptically and on astrocytes (gray
boxes). Glutamate (dark circles) released at corticostriate terminals (a) can stimulate mGluR
receptors on dopaminergic terminals in the striatum (b) to regulate release of dopamine (light
circles). * from Carr and Sesack, 2000.
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Table 2
mGluR2 and mGluR3 mRNA levels in PFC laminae and WM

mGluR2 mGluR3

lamina con sch con sch

pCi/g pCi/g pCi/g pCi/g

II 2.55 ± 0.59 2.61 ± 0.54 6.27 ± 2.91 7.32 ± 2.52

III 2.64 ± 0.55 2.91 ± 0.67 5.77 ± 2.79 6.36 ± 2.11

IV 3.26 ± 0.79 3.58 ± 0.79 6.86 ± 3.27 7.77 ± 2.9

V 2.87 ± 0.61 3.07 ± 0.80 6.26 ± 2.92 6.65 ± 2.41

VI 2.45 ± 0.48 2.59 ± 0.76 6.37 ± 3.01 7.32 ± 2.86

WM 0.70 ± 0.32* 1.07 ± 0.47* 4.29 ± 2.48 5.07 ± 1.57

mGluR2 and 3 mRNA levels in PFC laminae II - VI and WM.

WM = white matter. Asterisk denotes significant difference between controls and schizophrenia.

All values are mean ± S.D.
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Table 3
Effect sizes of differences in mGluR2 and 3 mRNA levels in schizohrenia

Gene/region Effect size

mGluR2

PFC GM 0.39

PFC WM 0.96

Average DA cell groups 0.77

mGluR3

PFC GM 0.23

PFC WM 0.32

Cohen’s d effect sizes of mGluR2 and 3 between cases of schizophrenia and controls.

Moderate effect sizes are seen for mGluR2 and 3 in the PFC GM and for mGluR3 in the PFC WM.

Large effect sizes (bold) are seen for mGluR2 in the DA cell groups and PFC WM.
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