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Abstract
Clinical, postmortem and preclinical research strongly implicates dysregulation of glutamatergic
neurotransmission in major depressive disorder (MDD). Recently, metabotropic glutamate receptors
(mGluRs) have been proposed as attractive targets for discovery of novel therapeutic approaches
against depression. The aim of this study was to examine mGluR2/3 protein levels in the prefrontal
cortex (PFC) from depressed subjects. In addition, to test whether antidepressants influence
mGluR2/3 expression we also studied levels of mGluR2/3 in fluoxetine treated monkeys. Postmortem
human prefrontal samples containing Brodmann’s area 10 (BA 10) were obtained from 11 depressed
and 11 psychiatrically healthy controls. Male rhesus monkeys were treated chronically with
fluoxetine (dose escalated to 3mg/kg, p.o; n=7) or placebo (n=6) for 39 weeks. The mGluR2/3
immunoreactivity was investigated using Western blot method. There was a robust (+67%) increase
in the expression of the mGlu2/3 protein in the PFC of depressed subjects relative to healthy controls.
The expression of mGlu2/3 was unchanged in the PFC of monkeys treated with fluoxetine. Our
findings provide the first evidence that mGluR2/3 is elevated in the PFC in MDD. This observation
is consistent with reports showing that mGluR2/3 antagonists exhibit antidepressant-like activity in
animal models and demonstrates that these receptors are promising targets for the discovery of novel
antidepressants.
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1. Introduction
Rapidly accumulating evidence suggests that the glutamatergic system plays an important role
in the neuropathology and treatment of major depressive disorder (MDD) (see Hashimoto,
2009; Sanacora 2008 for reviews). We had previously reported altered protein expression of
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specific subunits of the N-methyl-D-aspartate receptor (NMDAR) in the prefrontal cortex
(Feyissa et al., 2009), locus coeruleus (Karolewicz et al., 2005), and amygdala (Karolewicz et
al., 2009,b) from depressed subjects compared to healthy controls. These findings coincide
with reports showing that NMDAR antagonists exhibit rapid and robust antidepressant effects
in treatment resistant depression (Berman et al., 2000; Zarate et al., 2006).

Recent discoveries of selective agonists/antagonists to the various metabotropic glutamate
receptors (mGluRs) that exhibit antidepressant-like activity in animal screening procedures
provide promising avenues for the discovery of new and improved antidepressant medications
(see Palucha and Pilc, 2007; Pilc et al., 2008 for reviews). To date, eight mGluR subtypes
(mGluR1–mGluR8) have been described in the mammalian brain and are classified into three
groups with respect to their sequence homology, neuronal signaling, and pharmacological
properties (Conn and Pin 1997). Group I mGluRs (mGluR1and mGluR5) are positively linked
to phospholipase C and in general function to enhance glutamate excitations. In contrast, group
II (mGluR2, mGluR3) and group III (mGluR4, mGluR6, mGluR7, mGluR8) are negatively
coupled to adenylyl cyclase, and thereby negatively modulate excitatory neurotransmitter
efflux and neuronal excitability when activated. Group II mGluRs such as mGluR2 and
mGluR3 share significant sequence homology and are widely distributed throughout the CNS,
with high expression in brain regions (e.g., hippocampus, prefrontal cortex, and amygdala)
implicated in MDD (Drevets, 2000). The function of mGluR2/3 in modulating glutamate
neurotransmission, by sensing glutamate spillover and regulating transmitter release, makes
them extremely interesting targets for antidepressant drug development (see Hashimoto,
2009; Sanacora et al., 2008; Witkin et al., 2007 for reviews). Presynaptic mGluR2/3 may also
function as heteroreceptors controlling the release of γ-aminobutyric acid (GABA) and other
neurotransmitters (Cartmell and Schoepp, 2000).

To our knowledge there is no previous report examining the expression of mGluR2/3 in
postmortem human brain tissue from depressed subjects. Thus, the primary aim of this study
was to examine protein expression of mGluR2/3 in the prefrontal cortex (PFC) from depressed
subjects compared to healthy controls. Since mGluR2/3 protein levels could be influenced by
antidepressants, we also examined mGluR2/3 immunoreactivity in the PFC of rhesus monkeys
treated with the selective serotonin reuptake inhibitor (SSRI) fluoxetine as compared to those
treated with vehicle.

2. Methods
2.1. Human subjects

Postmortem brain samples were collected at autopsy at the Cuyahoga County Coroner’s Office
in Cleveland, OH from 22 subjects. Blocks of cortical tissue were dissected and frozen by
submerging for 15–20 seconds in isopentane cooled by dry ice. Blocks were then buried in
powdered dry ice for 20 min and then stored in a freezer at −80 °C until processed.

Informed written consent was obtained from the legal next-of-kin of all subjects. Next-of-kin
were interviewed and retrospective psychiatric assessments were conducted in accordance with
Institutional Review Board policies as described previously (Rajkowska et al., 1999). A trained
interviewer administered either the Schedule for Affective Disorders and Schizophrenia:
lifetime version (SADS-L) or the Structured Clinical Interview for DSM-IV Psychiatric
Disorders (SCID) to knowledgeable next-of-kin of all subjects, as previously described (Spitzer
and Endicott, 1978; First et al., 1996). Diagnoses for Axis I disorders were assessed
independently by a clinical psychologist and a psychiatrist, and consensus diagnosis was
reached in conference, using all available information from knowledgeable informants,
coroner’s office, and previous hospitalizations and doctor’s records. Research on the
psychological autopsy method has revealed that diagnoses from structured clinical interviews
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with family members are in good agreement with diagnoses based on reviewing the subject’s
medical records (Deep-Soboslay et al., 2005; Kelly and Mann, 1996). In addition, strong inter-
rater concurrence has been obtained when a structured clinical interview was used to collect
information from depressed patients vs. information collected from next-of-kin (McGirr et al.,
2007). Eleven subjects met clinical criteria for MDD, and the other 11 subjects (termed normal
controls) did not meet criteria for an Axis I diagnosis based on the Diagnostic and Statistic
Manual of Mental Disorders-Revised DSM-IV (Table 1). Among 11 depressed individuals, 7
died by suicide. The average duration of depression was 6.1 ± 2.3 years. No antidepressant
drugs were detected in postmortem toxicology screening (Table 1). Eleven depressed subjects
and 11 controls were arranged into 11 pairs matched as closely as possible for gender, age,
smoking, history of alcohol abuse, brain pH, and postmortem interval (Table 1).

2.2. Rhesus monkeys
All animal use procedures were approved by the University of Mississippi Medical Center’s
Animal Care and Use Committee and were in accordance with the National Research Council’s
Guide for Care and Use of Laboratory Animals (1996).

Thirteen adult male rhesus monkeys (Macaca mulatta) were housed in standard stainless steel
cages in a room with a 14:10 light: dark cycle, lights on at 8 AM. The monkeys were between
10 – 16.5 years of age and weighed 6.8 – 11.6 kg at the beginning of the study. The animals
were fed between 105 and 290 grams of Teklad 25% Monkey Diet (Harlan/Teklad, Madison,
WI), individually determined to maintain stable body weight. Water was available ad libitum.
Fluoxetine HCl was added to Tang (orange-flavored, non-carbonated soft drink) for the treated
group while the control group consumed Tang only. Fluoxetine (dose escalated to 3mg/kg/
p.o.) was administered at the same time each day, daily, seven days/week for 39 weeks.
Monkeys were euthanized 20–24 hours after their last drug or vehicle exposure. For euthanasia,
monkeys were initially sedated with the combination of midazolam (Versed, 0.3 mg/kg, i.m.)
and medetomidine (Domitor, 0.06 mg/kg, i.m.). They were then administered a lethal overdose
of pentobarbital (75 mg/kg, i.v.) via the saphenous vein. The brain, including brain stem and
cerebellum were then removed and deposited on top of ice. The cortical tissue was dissected
into blocks in accordance to the Atlas of the Rhesus Monkey Brain by Saleem and Logothetis
(2007) and frozen and stored as outlined above.

2.3. Immunoblotting
Human and monkey tissue samples were dissected from right frontal pole containing
Brodmann’s area 10 (BA10). Frozen blocks were cut into 50 μm-thick sections and samples
containing all six cortical layers of the gray matter were collected. Western blot experiments
were performed as described previously (Feyissa et al., 2009), except that in the current study
tissue samples were not heated before being subjected to gel electrophoresis. mGluR2/3 was
labeled using anti-mGluR2/3 rabbit polyclonal antibody (1:500; Millipore, Temecula, CA,
USA; no AB1553) and secondary anti-rabbit antibody (1:3000; Amersham Biosciences, no.
NA934). The anti-mGluR2/3 antibodies have been previously used to identify mGluR2/3 in
numerous postmortem studies and were demonstrated not to cross-react with other mGluRs
(Aronica et al., 2003; Crook et al., 2002; Gupta et al., 2005). Actin was used as a control for
transfer and loading, and was detected on each blot using an anti-actin antibody (Millipore; no
MAB1501). To minimize inter-blot variability and to aid in quantifying blots, each gel was
loaded with 3 concentrations of a cortical tissue standard.

2.4. Data analysis
Immunoreactive bands were analyzed using MCID Elite 7.0 (Imaging Research, St. Catherines,
ON, Canada). Linear regression was used to plot a standard curve for each gel, from which
relative optical density values of samples were converted to cortical standard protein units for
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each experimental sample for each gel. The final data are expressed in cortical standard protein
units and presented as a ratio of mGluR2/3 to actin. Since the data from human samples were
found to follow non-normal distribution, we used the non-parametric Wilcoxon signed ranks
test and Mann Whitney test for data analysis (SPSS version 16.0; SPSS Inc., USA). The data
obtained from monkey brain samples were found to be normally distributed; therefore, these
data were analyzed using a two-tailed unpaired t-test (SPSS version 16.0). Linear regression
analysis was performed to test for potential associations between age, pH, postmortem interval
(PMI), and time in freezer and mGluR2/3 protein level (SPSS 16.0). A p value <0.05 was
considered significant.

3. Results
3.1. Human study

Amounts of mGluR2/3 protein were analyzed in the PFC BA10 from 11 pairs of subjects with
MDD and individually matched healthy controls. Western blot analyses consistently revealed
bands corresponding to the molecular mass of 100 kDa. Figure 1A shows a representative
immunoblot of mGluR2/3 and actin from six subjects. The average mGluR2,3/actin ratio from
subjects with MDD (0.66 ± 0.11) was significantly higher (+67 %) than that of matched controls
(0.39 ± 0.06; Wilcoxon signed ranks test, Z= −2. 40, p=0.016; Fig. 1B). Linear regression
analysis showed no significant correlations between the amount of mGluR2/3
immunoreactivity and age, postmortem interval, brain pH, time in freezer, or duration of
depression. Figure 2 shows mGluR2/3 immunoreactivity from individual MDD subjects
expressed as percentages of values from paired control subjects. The increased mGluR2/3 in
MDD subjects does not appear to be related to death by suicide since there was no difference
in the average mGluR2,3/actin ratio from 7 suicide MDD subjects (0.72 ± 0.16) and 4 MDD
non suicide subjects (0.57 ± 0.11; Mann Whitney test, Z =−0.37, p= 0.78).

3.2. Monkey study
The terminal dose of fluoxetine administered to monkeys produced plasma levels of the drug
in the range of 52–168 ng/ml (data not shown) that approximated clinically relevant levels
(Blardi et al., 2002; Brunswick et al., 2002). Amounts of mGluR2/3 protein were analyzed in
the PFC BA10 from male rhesus monkeys that were treated with fluoxetine (n=7) or placebo
(n=6) for 39 weeks. Figure 3A shows a representative immunoblot of mGluR2/3 from two
placebo and two fluoxetine treated monkeys. The average mGluR2,3/actin ratio from monkeys
treated with fluoxetine (0.43 ± 0.11) was unchanged as compared to placebo group (0.36 ±
0.04; two-tailed t-test t=0.54, df=11, p=0.59; Fig. 3B).

4. Discussion
The present study demonstrates robust (+67%) increase in the level of mGluR2/3 protein in
the PFC in MDD subjects as compared to controls. The increased level of mGluR2/3 in MDD
is unlikely the effect of antidepressant exposure since the expression of mGluR2/3 was
unchanged in the PFC of rhesus monkeys treated with fluoxetine.

The present findings coincide with reports showing that mGluR2/3 antagonists MGS0039 and
LY341495 exhibit antidepressant-like effects in animal screening procedures (Chaki et al.,
2004; Yasuhara et al., 2006; Yoshimizu et al., 2006). The mechanism by which mGluR2/3
antagonists act as antidepressants is thought to be related to an increased presynaptic glutamate
release and involves direct downstream consequences of the enhancement of glutamate
transmission at α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs)
in brain regions involved in depression (Karasawa et al., 2005; Valentine and Sanacora, 2008;
Witkin et al., 2007). Thus, the antidepressant effects of mGlu2/3 antagonists may be secondary
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to promotion of excitatory activity in critical neuronal circuits. There is preliminary evidence
that mGluR2/3 is reduced in the hippocampus in animal models of depression such as the
olfactory bulbectomy in mice (Wierońska et al., 2008), and in spontaneously depressed flinders
sensitive line rats as compared to controls (Matrisciano et al., 2008). Because both animal
models show reduced mGluR2/3 expression in the hippocampus, further studies to elucidate
mGluR2/3 expression in the hippocampus from subjects diagnosed with MDD will be
necessary to ascertain if parallel changes occur in humans.

At the present time, in light of insufficient data, we can only speculate about mechanisms that
account for the robust elevation of mGluR2/3 protein levels in the PFC in MDD. The increased
mGluR2/3 protein expression may represent a biological trait associated with increased risk
of depression, possibly due to genetic factors. Alternatively, increased mGluR2/3 protein levels
may be due to the influence of repeated stress, increased glutamate activity, and/or hormonal
changes (e.g., glucocorticoids) in depression. Given that mGluR2/3 is known to be involved
in modulation of glutamatergic neurotransmission by sensing glutamate spillover and reducing
transmitter release, the increased mGluR2/3 protein expression observed herein could be a
consequence of altered glutamate levels in brains of depressed subjects. Along this line, some
studies have reported elevated levels of glutamate in depression (Hashimoto et al., 2007;
Sanacora et al., 2004). While others (Auer et al., 2000; Hasler et al., 2007) report reduced
glutamate or glutamate/glutamine (Glx) levels in depressed patients.

Previously we have reported reduced level of mGluR5 protein in the PFC (Karolewicz et al.,
2009a) and this observation is in line with novel neuroimaging findings showing markedly
reduced binding to mGluR5 in the PFC in living depressed patients (Hasler, 2009). Now, in
the same cohort of depressed subjects, we have found robust increase in the mGluR2/3 protein
level. Taken together these data indicate that cortical metabotropic glutamate receptors are
differentially regulated in the course of depressive disorder. These distinct MDD-associated
abnormalities in glutamate receptors could be due to their diverse involvements in the
regulation of glutamate neurotransmission and/or their different cellular distribution.
Implications of these findings are that glutamate receptors are well-suited as potential
biomarkers for depression, and are attractive targets for the discovery of novel antidepressant
medications.

Several potential limitations of this study are worth mentioning. First, we measured mGluR2/3
immunoreactivity in cortical tissue homogenates collected from BA10 across all six cortical
layers containing a mixture of many different cell types. Given that mGluR2/3 are expressed
by both neurons and glia (Crook et al., 2002; Ohishi et al., 1998; Petralia et al., 1996), the
functional consequences of glutamate receptors pathology depend on which specific
population (or populations) of cells are affected. Thus, the mGluR2/3 pathology in MDD
should be explored in individual cortical cell-types in future postmortem studies. The next
apparent limitation is the fact that both group II receptors (2 and 3) were investigated as a total
pool of mGluR2/3 immunoreactivity due to their sequence homology and the unavailability of
selective antibodies. Likewise, most of the group II ligands with reported antidepressant-like
activity are equipotent at mGlu2 and mGlu3 receptors, indicating that the pharmacology of
these receptors is very similar (Kingston et al., 1998; Palucha and Pilc, 2007). Nevertheless,
we cannot rule out subtype specific receptor changes due to receptor selective mechanisms.
Another possible limitation of this study is the confounding effect of antidepressant medication.
In fact, antidepressants may affect the expression of mGluR2/3 (Matrisciano et al., 2002) and
mask possible changes associated with disease pathology. All of our MDD subjects were
antidepressant free at the time of death as revealed by postmortem toxicology screening (Table
1); however, three subjects with MDD had prescriptions for SSRIs within 4 weeks prior to
death (Table 2). Nevertheless, the absence of any significant difference in mGluR2/3 levels
between fluoxetine-treated and non-treated rhesus monkeys in our study, albeit using a small
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sample size, suggests that treatment with SSRIs is unlikely to contribute to the changes found
in the mGluR2/3 level in depression. Finally, given that 7 out of 11 depressed subjects
committed suicide it is possible that behaviors related to suicide, but distinct from depressive
symptoms associated with depressive disorder studied might contribute to altered mGluR2/3
protein. However, it is worth noting that the mGluR2/3 level detected in suicide MDD subjects
was not different than that detected in non suicide MDD subjects. Therefore, even though the
sample size for our study is small, the present findings are suggestive of altered mGluR2/3
protein in depressive disorder.

The unique pharmacology of mGlu2/3 receptors, their localization in key cortical/thalamic/
amygdaloid circuits, and the promise of subtle modulation of glutamatergic neurotransmission
by sensing glutamate spillover and regulating transmitter release make these receptors
intriguing targets for the development of improved medication against depression. Our findings
further reinforce the evidence that basal or compensatory changes in excitatory
neurotransmission play roles in the pathophysiology of MDD.
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Figure 1.
Representative immunoblot of mGluR2/3 and actin from three male pairs of control and MDD
subjects (A). Scatter plot of mGluR2/3 protein levels normalized to actin (B). The average
mGluR2,3/actin ratio from subjects with MDD (n=11) was significantly higher (+67%) than
that of matched controls (n=11). Normalized optical density values for the individual subjects
(circles) and mean values (horizontal lines) are presented. Cont, healthy control; MDD, major
depressive disorder; M, male.
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Figure 2.
mGluR2/3 immunoreactivity from individual major depressive disorder subjects expressed as
percentages of values from individually paired control subjects. Each bar is an average of
duplicate comparisons.
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Figure 3.
Representative immunoblot of mGluR2/3 and actin from two vehicle and two fluoxetine treated
monkeys (A). Scatter plot of mGluR2/3 protein levels normalized to actin (B). The average
mGluR2,3/actin ratio from fluoxetine treated monkeys (n=7) was unchanged compared to
vehicle group (n=6). Normalized optical density values for the individual monkeys (circles)
and mean values (horizontal lines) are presented. V, vehicle; F, fluoxetine.
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Table 2

Summary of demographic characteristics of subjects

Parameter Controls (n=11) Major Depression (n=11)

Age (years)* 51 ± 4.8 53 ± 4.7

PMI (hours)* 18 ± 1.8 23 ± 1.5

pH* 6.7 ± 0.09 6.5 ± 0.08

Gender (F/M) 2/9 2/9

Time in freezer (mo)* 141 ± 6 142 ± 13

Medication history a none n=3 (sertraline, n=2; fluoxetine, n=1)

Comorbid diagnosis History of alcohol dependence, n=2
History of alcohol abuse, n=1

Alcohol abuse, n=2
History of alcohol abuse, n=1

Smoking Smokers, n=3
History of smoking, n=2

Smokers, n=3

a
Prescriptions for antidepressants within 4 weeks prior to death;

*
mean ± S.E.M; PMI, postmortem interval; F, female; M, male; mo, month.
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