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Abstract 

 
Regulation of mGluR3 by the Proteasome and Cellular Stress: Implications for the 

Treatment of Schizophrenia 

By Rachel Reiff 

 

Schizophrenia is a serious psychiatric disease that has a profound impact on 

sufferers, caretakers, and society as a whole. Although many medications that treat 

symptoms of schizophrenia exist, they have limited efficacy and often produce severe 

adverse effects. The metabotropic glutamate receptor three (mGluR3) has recently 

been identified as a potential therapeutic target for the treatment of schizophrenia. Past 

studies have shown that mGluR3 protein levels may be abnormally low in the brains of 

schizophrenic patients, and that an agonist for mGluR3 and the related receptor 

mGluR2 might be useful in alleviating symptoms of schizophrenia. However, much is 

still unknown about the activity and regulation of mGluR3, and in order to make 

progress toward developing drugs that target mGluR3, it is first necessary to gain a 

better understanding of the receptor both in normal states and in disease. 

The purpose of this project was to study the ways that mGluR3 is trafficked, 

degraded, and regulated in a cellular context. Particular focus was given to degradation 

pathways of mGluR3, as the manipulation of degradation may be a useful therapeutic 

tool for increasing receptor expression and activity. We found that mGluR3 and mGluR2 

are degraded robustly by the proteasome in both primary cells and a heterologous 

overexpression system. Additionally, we found that the proteasomal degradation of 

mGluR3 is ubiquitin-independent. Our data also indicated that mGluR2 and mGluR3 are 



	
  
upregulated by cellular stress induced by dimethyl sulfoxide treatment. Lastly, we found 

that mGluR2 and mGluR3 signal through the AKT survival pathway, thereby supporting 

a role for the receptors in neuroprotection. 

These findings provide novel insight into the activity and regulation of mGluR3 

and will contribute important information to the field of schizophrenia research. Through 

an enhanced understanding of mGluR3 trafficking, signaling, and degradation, it will be 

possible to assess the role of the receptor in schizophrenia more closely and to design 

greatly needed therapeutic drugs. 
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I. Introduction 

Schizophrenia 

Schizophrenia is a debilitating psychiatric disease that affects approximately 1% 

of the world’s population (Freedman, 2003). Characteristics of schizophrenia include 

positive symptoms such as hallucinations, paranoia, and delusions, which may occur 

alone or in combination with negative symptoms such as lack of speech, flat affect, and 

attention impairment (Andreasen & Olsen, 1982). Symptoms of schizophrenia usually 

appear in late adolescence or early adulthood and remain present throughout the life of 

a patient (American Psychiatric Association, 1994). This chronic illness not only alters 

the lives of those who are afflicted, but also imposes a great burden on the healthcare 

systems of nations around the world. As of 2002, the total cost of schizophrenia to the 

United States due to factors such as excess healthcare costs and unemployment was 

$62.7 billion (Wu et al., 2005). 

The causes of schizophrenia are still largely unknown, although it is clear that 

there is a moderate genetic component to the illness (Gejman et al., 2010; Gejman et 

al., 2011). Genome-wide association studies (Bergen & Petryshen, 2012; Lee et al., 

2012) and twin studies have shown that schizophrenia is at least partially heritable 

(Sullivan et al., 2003). However, genetic factors cannot explain many cases of 

schizophrenia, and it is clear that environment plays a significant role as well. Factors 

such as living in an urban environment (Krabbendam & van Os, 2005), exposure to 

drugs including cannabis (Moore et al., 2007), and maternal infection during pregnancy 

(Brown, 2011; Sorensen et al., 2009) can all contribute toward increased risk for 

developing schizophrenia (van Os & Kapur, 2009). 
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There is no cure for schizophrenia, but the disease can be managed to varying 

degrees. Antipsychotic medications are often given and may be used in conjunction with 

psychosocial treatments such as cognitive behavioral therapy and extended 

rehabilitation. Unfortunately, antipsychotic treatment is only successful in about half of 

patients, with the other half being classified as treatment-resistant (Kane, 1996; 

Quintero et al., 2011). Antipsychotics are known to cause a variety of adverse effects, 

such as tardive dyskinesia (Margolese et al., 2005; Tenback & van Harten, 2011), 

weight gain (Allison et al., 1999), fatal cardiac symptoms (Ray et al., 2009), and 

hormonal fluctuations (Bostwick et al., 2009) in a shockingly high percentage of patients 

(Muench & Hamer, 2010; Tandon, 2011). Due to a high incidence of very unpleasant 

side effects, many schizophrenic patients do not adhere properly to medication 

schedules (Dibonaventura et al., 2012). Clearly, there is a great need for the 

development of new, safer, and more effective medications that will provide relief to 

people suffering from schizophrenia. 

 

The Dopamine Hypothesis of Schizophrenia 

For many decades it has been believed that schizophrenia stems from 

dysregulation of the dopamine system in the brain. The dopamine hypothesis of 

schizophrenia became popular only after the first medications for schizophrenia were 

accidentally developed. The first class of antipsychotics was discovered by chance in 

the mid-1950s. At that time chlorpromazine, a drug that was initially designed as a 

surgical anesthetic, was found to be effective at controlling symptoms in psychiatric 

patients (Pieters & Majerus, 2011). Several similar drugs followed shortly after 
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chlorpromazine and although these medications were oddly helpful for psychiatric 

patients, their mechanisms of action were unknown for many years. It was later 

discovered that these early neuroleptics acted by inhibiting dopamine receptors 

(Seeman, 1987). During this same era, it was noted that abuse of psychostimulants 

such as amphetamines, which act in part by increasing the release of dopamine, could 

induce psychopathological states very difficult to distinguish from schizophrenia 

(Kokkinidis & Anisman, 1981). Based on these findings and many others, the dopamine 

hypothesis of schizophrenia was dominant for decades. Much pharmacological and 

biochemical data has been generated to support a significant role for dopamine 

dysregulation in schizophrenia. 

While it is clear that dopamine plays a role in psychosis, it has become evident 

over recent years that dopamine dysregulation is not the sole factor involved in 

schizophrenia. Antipsychotics that target dopamine receptors have only moderate 

efficacy in a select number of patients and do not generally impact some of the most 

severe symptoms, including cognitive and emotional impairment (Paz et al., 2007). Due 

to the failure of dopaminergic drugs to serve as an adequate treatment, scientists have 

recently turned to other neurotransmitter systems for insight into the etiology and 

treatment of schizophrenia. 

 

The Glutamate Hypothesis of Schizophrenia 

There is now significant evidence that implicates the glutamate system in 

schizophrenia. Glutamate is the most abundant neurotransmitter in the mammalian 

brain, and it is known to be involved in cognitive functions such as learning, memory, 
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and emotion (McEntee & Crook, 1993). Initial studies indicated that patients with 

schizophrenia might have abnormally low levels of glutamate in the cerebrospinal fluid 

(Kim et al., 1980). Multiple markers of glutamatergic metabolism have also been shown 

to be abnormal in brains of untreated schizophrenic patients as compared to brains of 

those who received neuroleptic treatment, suggesting that glutamatergic dysfunction 

may be relevant for both disease etiology and treatment (Sherman et al., 1991; Tsai et 

al., 1995). 

Significant support for the glutamate hypothesis of schizophrenia came when 

scientists discovered that the recreational drug phencyclidine (PCP), which produces 

symptoms very similar to those found in schizophrenia, acts as an antagonist for the N-

methyl-d-aspartate (NMDA) ionotropic glutamate receptor (Olney & Farber, 1995; Olney 

et al., 1999). Other NMDA receptor antagonists, such as ketamine, also elicit symptoms 

characteristic of schizophrenia (Malhotra et al., 1996; Newcomer et al., 1999). 

Additional findings have shown a strong correlation between low NMDA receptor mRNA 

levels and cognitive deficits in schizophrenic patients (Hirsch et al., 1997). 

Many scientists now agree that the complexities of schizophrenia cannot be 

explained by one neurotransmitter system alone; rather, the disease probably depends 

upon dysfunction in a wide range of systems, including glutamate, dopamine, 

acetylcholine (Tandon, 1999), serotonin (Meltzer et al., 2003), and others (Stone & 

Pilowsky, 2007). Importantly, there is extensive interaction between the glutamate and 

dopamine systems, and these interactions might explain the overlapping glutamate and 

dopamine hypotheses of schizophrenia (Kegeles et al., 2000; David et al., 2005; 

Laruelle et al., 2003). As the field of psychopharmacology progresses, it will be 
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important to continue to study glutamate receptors, dopamine receptors, and 

interactions between the two systems as they relate to schizophrenia etiology and 

treatment. 

 

II. Background 

Metabotropic Glutamate Receptor Three 

 Metabotropic glutamate receptor three (mGluR3) has emerged as one of the 

most important elements in the glutamate hypothesis of schizophrenia. All metabotropic 

glutamate receptors are G protein-coupled receptors (GPCRs), meaning that they span 

the cellular membrane seven times and initiate intracellular signaling through bound G 

proteins following extracellular ligand binding. Briefly, ligand binding induces a 

conformational change in a GPCR, leading to activation of its associated heterotrimeric 

G protein via exchange of GDP for GTP. The heterotrimeric G protein consists of α, β, 

and γ subunits. Upon activation, the GTP-bound α subunit dissociates from the β and γ 

subunits, and the α subunit and βγ complex can both go on to affect intracellular 

signaling proteins (Hamm, 1998; Wettschureck & Offermanns, 2005). Different subtypes 

of G protein α subunits have different intracellular signaling targets (Simon et al., 1991; 

Hepler & Gilman, 1992; Neves et al., 2002). GPCRs are involved in many diseases, and 

recent estimates report that at least 30% of all prescribed drugs target GPCRs (Gruber 

et al., 2010; Kontoyianni & Liu, 2012). 

 Metabotropic glutamate receptors are classified as class C (or class 3) GPCRs 

based on sequence homology and functional similarity (Foord et al., 2005). Within the 

mGluR family, receptors are divided into groups I, II, and III based on structure and 
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activity (Nakanishi, 1992; Conn & Pin, 1997). Metabotropic glutamate receptor three is a 

member of group II, along with its closely related protein mGluR2 (Nakanishi et al., 

1994). Many studies have found that mGluR3 and mGluR2 are coupled to GαI and Gαo, 

as their stimulation leads to inhibition of cyclic AMP formation by adenylate cyclase 

(Tanabe et al., 1993; Chavis et al., 1994). Furthermore, mGluR3 and the other GαI-

coupled mGluRs are thought to be negatively coupled to the NMDA receptor (Ambrosini 

et al., 1995). 

 Messenger RNA encoding mGluR3 can be found in both glial cells and neurons 

in many regions of the rat brain, including the cerebral cortex, dentate gyrus, olfactory 

nucleus, basal ganglia, and cerebellum (Ohishi et al., 1993). There appear to be 

minimal species differences in mGluR3 distribution, as mRNA has been found in the 

human cerebral cortex, dentate gyrus, thalamus, and cerebellum (Makoff et al., 1996). 

The distribution of mGluR3 within neurons is primarily presynaptic (Petralia et al., 1996; 

Shigemoto et al., 1997). Although mGluR3 is approximately 100 kilodaltons in size, it 

tends to run on a polyacrylamide gel at both 100 kDa and, often more prominently, at or 

above 200 kDa, representing a higher-order species that may be a dimer (Blumcke et 

al., 1996). 

 In general, mGluR3 and mGluR2 are extremely similar, and most commercially 

available drugs and antibodies do not select for one receptor over the other (Harrison et 

al., 2008). Knockout mice for both receptors have been generated, and neither strain is 

grossly abnormal in terms of anatomy or function, perhaps due to compensation by the 

other receptor (Yokoi et al., 1996; Linden et al., 2005). Double mGluR2/mGluR3 

knockout mice have recently been developed, and preliminary studies have shown that 
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they exhibit impaired spatial hippocampal learning and locomotor hypoactivity (Lyon et 

al., 2011). 

 Multiple studies have shown that group II mGluRs are neuroprotective (Pizzi et 

al., 1996; Bruno et al., 1998). Early studies in animal models have also shown that 

group II mGluRs are involved in anxiety and psychosis. For instance, a group II mGluR 

agonist has been shown to be effective at alleviating motor disturbances induced by the 

application of psychoactive drugs in rats (Cartmell et al., 2000). Agonists of group II 

mGluRs are also known to produce anxiolytic effects in certain models (Tatarczynska et 

al., 2001). Additionally, activation of group II mGluRs is thought to be helpful in 

alleviating neuropathic and inflammatory pain (Chiechio et al., 2004). Given these data, 

group II mGluRs have risen to the forefront of pharmacological studies, as they have the 

potential to serve as drug targets for a variety of diseases and conditions. 

 

Connections between mGluR3 and Schizophrenia 

  A connection between group II mGluRs and schizophrenia was first made in 

1998, when it was discovered that a group II mGluR agonist can reverse the behavioral 

effects of PCP administration in rats (Moghaddam & Adams, 1998). Since then genetic, 

expression, and pharmacological studies have all contributed to a growing hypothesis 

that mGluR3 is involved in schizophrenia etiology and may also be relevant for 

treatment. Since mGluR3 and mGluR2 are very similar, however, it has been difficult to 

differentiate between the two receptors in disease-related studies, so there is some 

dispute within the field regarding whether one or both receptors are involved in the 

disease. 
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 Multiple independent genetic studies have found that certain polymorphisms 

within the GRM3 gene encoding mGluR3 are associated with cognitive impairment and 

heightened risk for schizophrenia in several families and populations (Egan et al., 2004; 

Chen et al., 2005; Baune et al., 2010). Other studies have shown that GRM3 

polymorphisms may predict treatment outcomes with typical antipsychotics (Bishop et 

al., 2005). However, genetic linkage between mGluR3 and schizophrenia is a topic of 

great controversy, as several studies have found no association at all (Norton et al., 

2005; Tochigi et al., 2006). Additionally, most polymorphisms that have been implicated 

in schizophrenia have either been synonymous or located in noncoding regions. 

Enough positive genetic data has been gathered that there still may be an association 

between GRM3 and schizophrenia, but more studies in larger populations are needed 

(Moreno et al., 2009).  

 Most studies have found no association between mGluR3 mRNA levels and 

schizophrenia (Ohnuma et al., 1998; Moreno et al., 2009). Although results of studies 

on mGluR3 protein levels have varied, there is significant evidence suggesting that 

mGluR3 protein may be altered in schizophrenic brains (Ghose et al., 2009). 

Importantly, one recent postmortem study showed a significant decrease in levels of 

mGluR3 dimeric/oligomeric forms in the prefrontal cortices of schizophrenic brains (Corti 

et al., 2007). These data fit with the trend of detection of mGluR3 protein in a 200 kDa 

or higher band, and also with hypotheses that the functional forms of many GPCRs are 

homodimeric or heterodimeric (Milligan, 2004; Minneman, 2007). Notably, due to the 

lack of alteration in mGluR3 mRNA levels but the possible deficiency of mGluR3 protein 
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in disease, disruption in expression is likely to occur at the level of protein stability, 

rather than transcription. 

 There is strong pharmacological evidence supporting the role of group II mGluRs 

in schizophrenia. Numerous studies have shown that mGluR2/3 agonists are successful 

at alleviating symptoms of schizophrenia induced by PCP in rodents (Cartmell et al., 

2000; Chavez-Noriega et al., 2002). A small phase II clinical trial in humans also found 

that a group II mGluR agonist is more effective than placebo and equal in efficacy to the 

atypical antipsychotic olanzapine at alleviating both positive and negative symptoms of 

schizophrenia (Patil et al., 2007). Furthermore, this study suggested that a group II 

mGluR agonist might have lower rates of side effects than the established antipsychotic. 

This is the first instance of a drug that does not target a dopamine receptor being 

effective in treating symptoms of schizophrenia. However, it is still not clear whether 

group II mGluRs act alone in their control of schizophrenia, or whether they exert effects 

through the dopamine system, as group II mGluRs are known to regulate dopamine 

release (Greenslade & Mitchell, 2004; Chaki et al., 2006).  

 It is clear that group II mGluRs, and particularly mGluR3, may play a role in 

schizophrenia etiology and treatment. Although some controversy exists in the 

association between mGluR3 and disease, there is a large body of evidence that 

supports a connection, and poignant pharmacological studies highlight the relevance of 

this possible association. It will be necessary to gain more insight into the molecular 

mechanisms of mGluR3 action and regulation in order to better understand the role that 

it may play in one of the most serious mental illnesses. To this end, studies conducted 

in this project have aimed to elucidate the basic trafficking and regulatory mechanisms 
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of mGluR3. Drawing upon evidence suggesting that levels of mGluR3 protein may be 

abnormally low in schizophrenia, particular focus was given to mechanisms of mGluR3 

degradation and methods of altering mGluR3 stability. 

 

III. Materials and Methods 

Degradation Pathway Assessment 

 There are two primary protein degradation pathways within eukaryotic cells: 

lysosomal degradation and proteasomal degradation. In general, proteasomal 

degradation is specific, while degradation by proteases contained within lysosomes is 

uncontrolled (Bohley, 1995). Since many diseases may be related to abnormal protein 

expression or stability, molecules involved in protein degradation pathways are 

excellent targets for newly developed therapeutics. No information has been published 

on mGluR3 degradation. The goal of this study was to determine whether mGluR3 is 

degraded by the proteasome and/or the lysosome within cells. This question was 

directed at understanding how mGluR3 is degraded in order to better grasp potential 

ways to manipulate levels of the protein in disease.  

Human embryonic kidney (HEK-293T) cells were grown in complete DMEM High 

Glucose GlutaMAX medium (Invitrogen) containing 10% Fetal Bovine Serum (FBS, 

Atlanta Biologicals) and 1% Penicillin-Streptomycin (Invitrogen). Upon reaching 70% to 

90% confluence, cells were transfected with cDNA encoding rat mGluR3 using 

Lipofectamine 2000 transfection reagent, according to instructions (Invitrogen). Cells 

from a single transfection were split and treated with vehicle, 50 µM leupeptin 

trifluoroacetate (Sigma), or 10 µM MG132 (Tocris). Leupeptin is a naturally occurring 
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protease inhibitor that specifically inhibits several proteases contained within lysosomes 

and effectively eliminates lysosomal degradation. Proteasomal degradation is potently 

and reversibly inhibited by MG132.  

Following drug treatments, cells were harvested in harvest buffer containing 50 

mM NaCl, 10 mM Hepes, 5 mM EDTA, 1 protease inhibitor tablet (Roche Diagnostics) 

and a small amount of Benzamidine Hydrochloride Hydrate (Fisher Scientific) per 50 mL 

of total buffer volume. Whole cell lysates were homogenized via membrane sonication, 

and total protein was normalized via a Bradford protein quantification assay. Samples 

were subjected to SDS-PAGE electrophoresis on Novex 4-20% Tris-Glycine gels 

(Invitrogen), and proteins were transferred to nitrocellulose at 30 volts for 120 minutes. 

Detection of mGluR3 was assessed and normalized actin was confirmed through 

Western blot. 

 

Western Blot 

 Western blots were performed in a blocking buffer containing 2% nonfat dried 

milk, 50 mM NaCl, 10 mM Hepes, and 0.1% Tween 20 (Sigma). Primary antibodies 

used were polyclonal rabbit anti-mGluR2/3 (1:2000, Cell Signaling), polyclonal rabbit 

anti-actin (1:5000, Sigma), monoclonal rat anti-HA 3F10 (1:2500, Roche), monoclonal 

mouse anti-β-arrestin1 (1:2500, BD Biosciences), and monoclonal rabbit anti-β-

arrestin2 (1:2500, Cell Signaling). Nitrocellulose membranes were incubated with 

primary antibodies for 1 hour. Secondary antibodies were Enhanced 

Chemiluminescence Horse Radish Peroxidase linked anti-mouse, anti-rat, and anti-

rabbit (1:4000, GE Healthcare). Membranes were incubated with secondary antibodies 
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for 30 minutes. Blots were developed with Supersignal West Pico or ELISA Pico 

(Thermo Scientific). 

 

Site-Directed Mutagenesis 

 In order to assess the effects of direct ubiquitination on mGluR3 degradation, a 

mutant version of mGluR3 that theoretically could not be ubiquitinated was created. 

Since ubiquitin is known to attach to lysine residues, all cytoplasmic lysine residues in 

mGluR3 were mutated to the similarly charged amino acid arginine. Eight point 

mutations were made using the QuikChange Lightning Multi Site-Directed Mutagenesis 

Kit (Agilent). Mutations were confirmed with DNA sequencing, and the resulting mutant 

was called mGluR3-ZIK (Zero Intracellular Lysine [K]). 

 

Degradation of mGluR3-ZIK versus mGluR3 

 Degradation pathways of mGluR3 and mGluR3-ZIK were compared in order to 

assess the effects of mutating candidate ubiquitination residues on mGluR3 degradation 

mechanisms. Both receptors were expressed in HEK-293T cells and degradation 

pathways were assessed as described above. Western blot was used to detect mGluR3 

protein levels under conditions of treatment with different degradation inhibitors. 

 

Co-Immunoprecipitation of mGluR3 and mGluR3-ZIK with HA-Ubiquitin 

 To further determine whether or not mGluR3 is directly ubiquitinated, co-

immunoprecipitation studies were performed. HEK-293T cells were transfected to 

express either HA-tagged ubiquitin alone, HA-ubiquitin plus mGluR3, or HA-ubiquitin 
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plus mGluR3-ZIK. Between 24 and 48 hours after transfection, cells were harvested in a 

lysis buffer containing 50 mM NaCl, 10 mM Hepes, 5 mM EDTA, 1% Triton X-100 

(Fisher Scientific), 1 protease inhibitor tablet, and a small amount of Benzamidine 

Hydrochloride Hydrate per 50 mL of total buffer volume. Samples were spun down and 

a small amount of soluble lysate was reserved. Meanwhile, protein A/G agarose beads 

(Pierce) were incubated with mGluR2/3 antibody for 30 minutes to facilitate attachment 

of the antibody to the beads. Remaining soluble lysates were removed from membrane 

fractions and incubated with the anti-mGluR2/3 beads end-over-end for 2 hours at 4°C. 

Next, beads were washed 3 times in lysis buffer and immunoprecipitated proteins were 

eluted off of the beads overnight in 2x sample buffer. Soluble lysate samples were 

assessed for total mGluR3, mGluR3-ZIK, and HA-ubiquitin expression. IP samples were 

analyzed to confirm immunoprecipitation of mGluR3 and mGluR3-ZIK and to investigate 

co-immunoprecipitation of HA-ubiquitin with the receptors. 

 

Co-Immunoprecipitation of mGluR3 with β-arrestins 

 Small proteins known as β-arrestin1 and β-arrestin2 are known to be important in 

desensitization, internalization, degradation, and altered signaling of many GPCRs 

(Luttrell & Lefkowitz, 2002). One group found that co-overexpression of β-arrestin1 with 

mGluR3 in HEK-293T cells resulted in significant effects on cAMP and extracellular 

signal-regulated kinase (ERK) signaling outputs (Iacovelli et al., 2009). However, it was 

not previously known if mGluR3 interacts directly with the β-arrestin proteins and how 

this possible interaction might impact mGluR3 regulation. 
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 Cells were transfected with cDNA encoding mGluR3 alone, HA-β-arrestin1 plus 

mGluR3, or HA-β-arrestin2 plus mGluR3. A co-immunoprecipitation assay was 

performed between 24 and 48 hours after transfection. Cells were washed in phosphate 

buffered saline with calcium (PBS/Ca2+, Gibco), then incubated with 2 mM Dithiobis 

[succinimidyl propionate] (DSP, Thermo Scientific) for 30 minutes at room temperature 

in order to facilitate cross-linkage of protein-protein interactions. A standard 

immunoprecipitation reaction was performed as detailed above, except that HA-tagged 

β-arrestins were pulled down with monoclonal mouse anti-HA agarose beads (Sigma). 

Soluble lysate and immunoprecipitation samples were run on a gel and co-

immunoprecipitation of mGluR3 with the immunoprecipitated β-arrestins was assessed 

via Western blot. 

 

Comparison of Degradation Pathways of mGluR2 and mGluR3 

 Due to the fact that most therapeutically relevant drugs and commercially 

available antibodies target both mGluR2 and mGluR3, and due to evidence that both 

receptors may be involved in schizophrenia pathology and/or treatment, degradation 

pathways were generalized to both group II mGluRs. HEK-293T cells were transfected 

with cDNA encoding mGluR3 or mGluR2, then exposed to 10 µM MG132 beginning 

approximately 24 hours after transfection. The effects of a group II mGluR agonist on 

protein degradation were also assessed. Cells were treated with 10 µM LY354740 

(Tocris) alone or concurrently with MG132 treatment in order to find out if activation of 

group II mGluRs alters the amount of attempted proteasomal degradation that occurs. 

Cells were harvested in harvest buffer without triton and protein concentrations were 

normalized before samples were run on a gel. 
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Assessment of Group II mGluR Degradation in Primary Cortical Rat Neurons 

 Primary neurons were cultured in order to confirm group II mGluR degradation 

patterns in native cells. Pregnant Sprague Dawley rats were obtained from Charles 

River and euthanized with carbon dioxide at embryonic day 18 to 20. Cortices from 

pups were dissected out and incubated in Papaine (Worthington) dissolved in Minimal 

Essential Medium (MEM, Invitrogen) for 1 hour. The enzymatic digest was halted by 

washing with MEM containing 10% dialyzed FBS and 1 µg per 100 mL DNase (Sigma). 

Cells were then mechanically dissociated with a fine-tipped glass pipette tip until the cell 

stock appeared homogenous. Cells were spun out and resuspended in MEM containing 

10% dFBS, 1% Penicillin-Streptomycin, and 1 µg per 1 mL Fungizone (Invitrogen). Cells 

were plated on Poly-D-Lysine coated plates (Becton Dickinson). After approximately 24 

hours cultures were switched to a serum-free medium containing Neurobasal medium 

(Invitrogen), 2% B-27 supplement (Invitrogen), 1% Penicillin-Streptomycin, 1% 

Glutamax 100X (Invitrogen), and 1 µg per 1 mL Fungizone. Half of the total volume of 

serum-free medium was changed every 3 to 4 days thereafter. 

 Cells were treated with 0.2% DMSO (vehicle, Sigma), 20 µM MG132, or 20 µM 

MG132 plus 10 µM LY354740 for long or short time periods following 7 to 9 days in 

culture. Cells were harvested, protein concentrations were normalized via a Bradford 

assay, and samples were assessed via Western blot as described above for 

experiments in HEK-293T cells. 

 

Assessment of Group II mGluR Signaling in Primary Neurons 
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 Multiple investigators have recently found that group II mGluRs may signal 

through the AKT survival pathway. An increase in phosphorylated AKT (pAKT) has 

been found following group II mGluR agonist treatment in the prefrontal cortex (Sutton & 

Rushlow, 2011), in astrocyte cultures (Durand et al., 2011) and in mixed neuron-

astrocyte cultures (D’Onofrio et al., 2001). To our knowledge, AKT signaling has not 

been confirmed specifically in cortical neuronal cultures. Activation of AKT via 

phosphorylation is known to lead to a number of downstream effects including 

promotion of cell survival and overcoming of cell cycle arrest. Hence, it is necessary to 

fully characterize the AKT signaling output of group II mGluRs, as they are thought to be 

involved in neuroprotection. 

 Embryonic rat cortical neuron cultures were generated as described above. After 

7 to 9 days in culture, cells were starved in Neurobasal medium without 

supplementation for approximately three hours in order to eliminate basal pAKT 

activation via growth factors contained in the medium. Cells were then stimulated with 

the group II mGluR agonist LY354740 at a 1 µM final concentration for 10 minutes. 

Additionally, opti-MEM (Invitrogen) was used as a positive control to stimulate pAKT 

through insulin and verify the efficacy of the assay. Following treatment, the medium 

was immediately aspirated and cells were harvested in 2X sample buffer containing Halt 

protease/phosphatase inhibitor cocktail (Pierce). Samples were homogenized via 

sonication and subjected to electrophoresis. Following transfer to nitrocellulose, 

membranes were blocked in Odyssey blocking buffer (Licor) for 30 minutes at room 

temperature. Membranes were then incubated with primary antibodies overnight at 4°C 

in a solution containing one part Odyssey buffer and one part phosphate buffered saline 
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(PBS, Sigma) with 0.1% Tween 20. Primary antibodies were monoclonal mouse anti-

pERK (1:500, Santa Cruz), polyclonal rabbit anti-total ERK (1:1000, Cell Signaling), 

monoclonal rabbit anti-pAKT at serine 473 (1:2000, Cell Signaling), and monoclonal 

mouse anti-total AKT (1:2000, Cell Signaling). Membranes were washed in PBS/Tween 

and incubated with secondary antibodies for 30 minutes at room temperature. 

Secondary antibodies were Alexa fluorophore 680 anti-rabbit (1:20,000, Invitrogen) and 

Licor fluorophore 800 anti-mouse (1:20,000, Licor). Fluorescence was detected and 

quantified using an Odyssey imaging machine with Image Studio software (Licor). 

Statistical analyses were performed using Prism software. All treatment conditions were 

performed in duplicate, and values were calculated as the average of the pAKT signal 

divided by the total AKT signal for both samples in each duplicate. Fold increase in the 

pAKT to total AKT ratio was calculated in comparison to vehicle treatment. AKT assays 

were also conducted following 0.2% DMSO (vehicle) or 20 µM MG132 pre-treatment of 

5 to 12 hours. 

 

Evaluation of mGluR3 Surface Expression via Biotinylation 

 Surface expression of mGluR3 was assessed in HEK-293T cells following 

treatment with vehicle or 10 µM MG132 in order to assess the effects of proteasomal 

inhibition on the amount of mGluR3 at the cell surface. Cells were transfected with 

cDNA encoding mGluR3 and the assay was conducted between 24 and 48 hours after 

transfection. Cells were treated with 0.2% DMSO (vehicle) or 10 µM MG132 for 10 to 12 

hours. Cells were then washed in PBS/Ca2+ and treated with the biotinylation reagent 

EZ-link Sulfo-NHS-SS-Biotin (Thermo Scientific) at a 2 mM concentration in PBS/Ca2+ 
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for 30 minutes at room temperature. This reagent attaches a biotin group with a linker 

arm to all free extracellular amines, so it should label all proteins that traffic to the cell 

surface at some point during the biotinylation incubation. The biotinylation reaction was 

quenched by washing with 100 mM glycine (Sigma). Cells were then harvested in 

harvest buffer containing triton as described for co-immunoprecipitation experiments 

above. After spinning down samples, a portion of the soluble lysate was reserved for 

analysis and the rest was incubated with streptavidin agarose beads (Thermo Scientific) 

for 2 hours in order to pull down biotinylated molecules. Meanwhile, the membrane 

fraction was homogenized in 1x sample buffer via sonication. Following the pull-down, 

the streptavidin beads were washed 3 times in harvest buffer to reduce nonspecific 

binding. Biotinylated proteins were eluted off of the beads overnight in 2x sample buffer. 

Samples were subjected to electrophoresis and membrane, soluble lysate, and pull-

down samples were blotted to evaluate mGluR3 solubility and surface expression. 

 

Evaluation of Cycloheximide Effects on Group II mGluR Detection 

 After finding that both MG132 and DMSO alone can act by increasing the 

expression of group II mGluRs in certain types of cells, experiments were performed 

that attempted to identify the source of these expression changes. The translation 

inhibitor cycloheximide was used in an effort to separate effects on transcription from 

effects on stability in neurons treated with either DMSO or MG132. Theoretically, if 

DMSO impacts mGluR3 levels by upregulating transcription, then cycloheximide should 

abolish the effects of DMSO, while if MG132 impacts mGluR3 levels by inhibiting 

degradation, then cycloheximide should not alter the effects of MG132 as much. 
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Primary embryonic cortical rat neurons received treatments of cycloheximide (100 µg 

per 1 mL, Sigma), 20 µM MG132 and/or 0.2% DMSO for short and long periods of time. 

Cells were harvested in a harvest buffer without triton and protein concentrations were 

normalized with a Bradford assay. Samples were then run on a gel and Western blot 

was used to detect mGluR2/3 and actin. 

 

IV. Results and Discussion 

Degradation of mGluR3 Occurs through the Proteasome in HEK-293T Cells 

 In HEK-293T cells heterologously expressing mGluR3, significant accumulation 

of the receptor occurred following MG132 treatment, but only a small accumulation 

occurred following leupeptin treatment (Figure 1). Considerable cell death occurred 

following long periods of MG132 treatment, while moderate cell death occurred after 

leupeptin treatment. Detection of mGluR3 increased with longer MG132 treatments, 

showing that the proteasome may have been more efficiently inhibited and more 

attempts at receptor degradation may have occurred in those conditions. These results 

show that mGluR3 is degraded primarily by the proteasome.  

 

Proteasomal Degradation of mGluR3 is Ubiquitin-Independent 

 Most proteins that are degraded by the proteasome are targeted to the 

proteasome by poly-ubiquitination of lysine residues. For transmembrane receptors, 

ubiquitination occurs at lysines that are in the cytoplasm while the receptor is in the cell 

membrane (Hershko & Ciechanover, 1998). In order to find out if the proteasomal 

degradation of mGluR3 is ubiquitin-dependent, a mutant version of mGluR3 with no 
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intracellular lysine residues was created. Previous studies have indicated that for 

another mGluR, mGluR5, all intracellular lysines had to be mutated before an effect on 

ubiquitination could be found (Moriyoshi et al., 2004). Although some proteins have a 

specific known lysine that is ubiquitinated, many receptors require mutation of all 

intracellular lysines in order to halt ubiquitination (Saur et al., 2010; Giordano et al., 

2011). 

 Site-directed mutagenesis was successfully used to mutate all intracellular lysine 

residues of rat mGluR3, resulting in the mutant mGluR3-ZIK (Figure 2). Surprisingly, 

mGluR3-ZIK exhibited nearly identical degradation patterns as wild-type mGluR3 in a 

heterologous system in HEK-293T cells. Both receptors accumulated equivalently with 

increasing length of exposure to MG132 (Figure 3). Additionally, both receptors 

exhibited the same lack of accumulation with leupeptin treatment (data not shown). 

These results were surprising, as elimination of ubiquitination sites should prevent 

proteasomal degradation for most proteins that undergo degradation by the classic 

ubiquitin-proteasome system.  

 Co-immunoprecipitation studies of mGluR3 and mGluR3-ZIK with HA-ubiquitin 

revealed that neither the mutant nor the wild-type receptor is ubiquitinated (Figure 4). 

There was no co-immunoprecipitation of HA-ubiquitin with mGluR3 or with mGluR3-ZIK. 

This provides further evidence that mGluR3 is not ubiquitinated, so its degradation by 

the proteasome must occur in a ubiquitin-independent manner. A lack of physical 

interaction between a protein and ubiquitin and a failure to notice changes in 

degradation patterns when all candidate lysines of the protein are mutated are two of 
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the major hallmarks of proteins that are degraded by the proteasome in a ubiquitin-

independent fashion (Jariel-Encontre et al., 2008).  

Although it was originally thought that ubiquitination was mandatory for 

proteasomal degradation, accumulating evidence suggests that many proteins are 

degraded by the proteasome without being ubiquitinated. It is now estimated that 

approximately 20% of cellular proteins are degraded by the proteasome independently 

of ubiquitin (Baugh et al., 2009). Many proteins that are degraded in this way have 

intrinsically disordered α-helical segments that are directly targeted by the proteasome 

(Baugh et al., 2009; Melo et al., 2011). Other proteins may be directed to the 

proteasome by small ubiquitin-like molecules that serve as a label for degradation 

(Jariel-Encontre et al., 2008). So far, few if any GPCRs have been reported as being 

degraded by the proteasome in a ubiquitin-independent fashion, so these data 

represent an especially noteworthy finding. 

 

β-arrestins 1 and 2 Physically Interact with mGluR3 in a Cellular Context 

 Co-immunoprecipitation studies revealed novel interactions between mGluR3 

and both β-arrestin proteins (Figure 5). These interactions may be important for mGluR3 

desensitization, internalization, and degradation, since β-arrestins are known to regulate 

such activities in other GPCRs. Several attempts were made to knock down β-arrestins 

with siRNA in order to study the effect of β-arrestins on mGluR3 degradation and/or 

trafficking. However, a significant knockdown could not be achieved (data not shown). 

In the future it will be important to investigate the function of these novel interactions in 

terms of mGluR3 regulation. 
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Group II mGluRs are Degraded by the Proteasome in Primary Neurons 

 No distinction between mGluR2 and mGluR3 can be made in wild-type native 

cells due to a lack of specificity of the mGluR2/3 antibody. Thus, before assessing 

group II mGluR degradation in primary neurons, degradation pathways of the individual 

receptors were compared in HEK-293T cells. Both receptors accumulated identically 

with MG132 treatment, indicating that mGluR2, like mGluR3, is degraded by the 

proteasome in HEK-293T cells (Figure 6). There was no significant effect of agonist 

treatment on degradation of either receptor, suggesting that the group II mGluRs may 

be constitutively active, may be constantly stimulated by glutamate released into the 

medium, or may be degraded in a manner that is not regulated by receptor activity. It is 

important to note that the mGluR2/3 antibody detects mGluR2 and mGluR3 slightly 

differently, with enhanced detection of the mGluR2 monomer as opposed to the higher-

order species. These data revealed that the effect of MG132 can be generalized to 

group II mGluRs, which is important for the assessment of native cells since no 

distinction can be made between the two receptors. 

 Cultured embryonic cortical rat neurons were treated with DMSO (vehicle) or 

MG132 for short and long periods of time. A significant accumulation, especially of the 

higher-order species, occurred with MG132 treatment. No significant change was 

observed when the group II mGluR agonist was added, indicating that the effect of 

MG132 may be agonist-independent. These data revealed for the first time that group II 

mGluRs are degraded by the proteasome in native cells (Figure 7). These results 
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supported the findings in HEK-293T cells and confirmed the degradation pathway of 

group II mGluRs. 

 

Expression of Group II mGluRs is Upregulated by DMSO Treatment in Neurons 

 Overall expression of mGluR2/3 was massively increased after 24 hours of 0.2% 

DMSO treatment in comparison to shorter periods of treatment or no treatment at all 

(Figure 8). This is in sharp contrast to HEK-293T cells, in which DMSO application has 

no effect on mGluR2 or mGluR3 expression. DMSO is known to induce cellular stress 

and apoptosis (Vondracek et al., 2006; Hanslick et al., 2009). Group II mGluRs are also 

known to exhibit increased expression in conditions of cellular stress, such as 

inflammation (Berger et al., 2012). Therefore, it appears that group II mGluRs may be 

upregulated for purposes of neuroprotection when primary neurons are exposed to the 

stress induced by DMSO treatment. This does not occur in HEK-293T cells because 

they do not normally express group II mGluRs and therefore might not possess the 

factors that are necessary to upregulate endogenous mGluR expression. These findings 

further support the proposed role of group II mGluRs in neuroprotection and promotion 

of cell survival. 

 

Activation of Group II mGluRs Leads to AKT Signaling in Primary Rat Neurons 

 The ratio of phosphorylated AKT to total AKT rose approximately 1.6-fold 

following 10 minutes of stimulation with 1 µM LY354740 compared to vehicle treatment 

in primary cortical embryonic rat neurons (Figure 9). These data showed that group II 

mGluRs signal through AKT in neurons. In contrast with data reported previously by 
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other groups, no pERK response was detected (data not shown). These data support 

the hypothesis that group II mGluRs are important in neuroprotection, as they signal 

through a survival pathway. 

 In order to determine the effects of increased group II mGluR expression on 

signaling, pAKT assays were performed following 5 to 12 hours of pre-treatment with 

DMSO or MG132. Since these reagents both increase detection of group II mGluRs in 

neurons, it is important to know whether or not the increased protein also correlates with 

increased functionality through signaling. However, these experiments could not be 

interpreted due to technical obstacles. The effects of DMSO and MG132 on group II 

mGluR expression are dramatically decreased when cells are starved for 3 hours before 

the pAKT assay (Figure 10). This may be because nutrient starvation can induce 

autophagy in many cell types, so proteins may undergo degradation by alternative 

pathways that are not physiologically relevant in cases of severe nutrient deprivation 

(Mizushima, 2007). The pAKT assay cannot be performed without starvation, as growth 

factors in the medium stimulate the pathway and result in such high background that 

even the positive control of opti-MEM has no effect over vehicle (data not shown). 

Additionally, MG132 treatment causes pAKT to accumulate to nearly the same extent 

as agonist treatment, so it is impossible to study the effects of the agonist in addition to 

MG132 due to this high background (data not shown). Therefore, it is not feasible to 

assess the effects of MG132 and DMSO on group II mGluR functionality through this 

pAKT assay. 
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A Higher-Order mGluR3 Species is Expressed on the Cell Surface, but Surface 

Biotinylation Cannot be Used to Evaluate the Effects of MG132 

 Biotinylation assays conducted in HEK-293T cells expressing mGluR3 revealed 

that there was no change in mGluR3 expression following MG132 treatment in the 

soluble lysate samples that were eventually used for the streptavidin pull-down (Figure 

11a). Rather, the increased detection of mGluR3 under conditions of MG132 treatment 

that is characteristic of whole cell lysates was found only in the membrane samples 

(Figure 11b). This indicates that MG132 has a profound influence on the solubility of 

mGluR3, as it changed the fraction of the receptor population that was found in the 

soluble lysate versus membrane samples. Therefore, the effects of MG132 on surface 

expression cannot be evaluated through this assay, since the increase in mGluR3 that 

occurs after MG132 treatment is not represented in the soluble fraction that is incubated 

with the beads and consequently cannot be pulled down and identified. Note that there 

is also a large reduction in mGluR3 solubility with biotinylation treatment (Figure 11b). 

However, these experiments did show that the 250 kDa higher-order species of mGluR3 

that is often detected in Western blot does indeed represent a population of receptors 

that are expressed at the surface, as proteins in this band were pulled down with the 

streptavidin beads, indicating that they were biotinylated at the surface of the cells 

(Figure 11c). 

 

Cycloheximide Has Unexpected Effects on Group II mGluR Detection in Neurons 

 Cells that were treated with cycloheximide, either alone or in combination with 

DMSO or MG132, exhibited higher expression of group II mGluRs (Figure 12). This 
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result is counterintuitive, as cycloheximide is known to inhibit translation and result in 

decreased levels of protein over time. It is possible that cycloheximide was used at a 

concentration that was high enough to cause cellular stress, but not high enough to 

adequately inhibit ribosomes, so the treatment resulted in a neuroprotective increase of 

group II mGluR expression. To resolve this unexpected result, more trials will have to be 

performed using different concentrations of cycloheximide. 

 

V. Conclusions 

 The results of this project have shown that group II mGluRs are degraded by the 

proteasome. These findings have been confirmed in both HEK-293T cells transfected to 

express mGluR2 or mGluR3 and in primary embryonic cortical rat neurons that express 

group II mGluRs endogenously. The elucidation of the degradation pathway of these 

receptors represents a novel finding that may be important for understanding how to 

manipulate group II mGluRs in disease. For instance, if there is a lack of mGluR3 in the 

brains of schizophrenic patients, it might be possible to create a drug targeting the 

degradation pathway that will increase the stability of mGluR3 in order to return it to 

normal levels of expression. Before such a drug can be created, it will first be necessary 

to elucidate the mechanism by which mGluR3 is degraded by the proteasome. This 

project has shown that mGluR3 is unexpectedly degraded in a ubiquitin-independent 

fashion, thereby eliminating elements involved in ubiquitination from the list of potential 

drug targets. The β-arrestin proteins may be involved in mGluR3 internalization and 

degradation, but more studies will need to be performed in order to determine the 

significance of the mGluR3 and β-arrestin interaction in terms of receptor regulation. For 
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instance, it may be helpful to manipulate β-arrestin levels or activity via a dominant-

negative mutant (Krupnick et al., 1997) or knockout model, and then study the effects of 

β-arrestins on mGluR3 degradation pathways.   

 The finding that mGluR3 is degraded by the proteasome in a ubiquitin-

independent manner was extremely unexpected. Although the number of proteins that 

are known to be degraded in this manner is growing, this type of degradation is still 

considered relatively unusual. Many of the proteins that are degraded by the 

proteasome without being ubiquitinated are involved in diseases such as 

neurodegeneration (David et al., 2002) and cancer (Zetter & Mangold, 2005), but few if 

any have been implicated directly in psychiatric disease. It will be necessary to study 

the ubiquitin-independent mechanism of mGluR3 degradation in greater detail and to 

discover the exact ways in which the receptor is targeted to the proteasome in order to 

make progress toward being able to create a drug that targets the degradation pathway 

of the receptor.  

 The significant effect of DMSO treatment on group II mGluR expression in 

primary neurons was a novel finding that may be important for both studying and 

targeting group II mGluRs in the future. It is often difficult to detect mGluR3 protein in 

astrocytes, so it may be useful for investigators who study mGluR3 in astrocytes to use 

DMSO to upregulate expression of the receptor. Additionally, by studying the 

mechanisms by which DMSO induces increased expression of group II mGluRs, it may 

be possible to develop drugs that will mimic the effect of DMSO on group II mGluR 

levels without causing cellular stress.  
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 These results will be strengthened by functional data showing that DMSO and/or 

MG132 result not only in an increase in receptor expression, but an increase in 

functionality as well. It may be useful to experiment with adjusting the length of time of 

starvation for pAKT assays to find a middle point at which the effects of DMSO and 

MG132 are still detectable and the assay works. The AKT signaling pathway is likely to 

be very important, as evidence suggests that there is an association between low AKT 

signaling activity and schizophrenia (Emamian et al., 2004; Arguello & Gogos, 2008). 

Furthermore, many antipsychotic drugs result in an increase in AKT signaling (Freyberg 

et al., 2009), so the novel discovery that group II mGluRs signal through this pathway in 

neurons may give insight into the mechanisms by which group II mGluR agonists help 

alleviate symptoms of schizophrenia. 

 It will also be important to continue to investigate the effects of DMSO and/or 

MG132 on group II mGluR surface expression. Since the impact of MG132 on receptor 

solubility makes the surface biotinylation assay unusable, it may be constructive to use 

an N-terminal antibody for cell surface luminescence or to use radioligand binding in 

order to evaluate surface expression. Additionally, the biotinylation assay could 

potentially be more useful if the cells were solubilized in a harvest buffer containing a 

stronger detergent, as this might resolve the issue of decreased receptor solubility 

following MG132 treatment. 

 Overall, the data gained in this project have contributed insight into the ways that 

the expression of group II mGluRs, and especially mGluR3, is affected by degradation 

and cellular stress. These findings are significant, as they may lead to a better 

understanding of the ways in which mGluR3 can be manipulated as a treatment for 
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schizophrenia. As the connections between ubiquitin-independent proteasomal 

degradation, upregulation in conditions of cellular stress, signaling through AKT, and β-

arrestin interactions are strengthened, doors toward the discovery of more effective 

antipsychotic drugs that target group II mGluRs will be opened. 
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VI. Figures 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  
Figure 1:	
  Proteasomal degradation of mGluR3. A representative Western blot of 
mGluR2/3 and actin under conditions of 50 µM leupeptin or 10 µM MG132 treatment is 
shown. Detection of mGluR3 is primarily at and above 250 kDa, representing a higher-
order species that might be an oligomer. 
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Figure 2:	
  Mutated intracellular lysines in mGluR3-ZIK. Red stars indicate locations of 
lysine to arginine mutations. Single base substitutions were used to convert AAG or 
AAA to AGG or AGA. Mutations were verified through DNA sequencing and occurred at 
bases 1799, 1823, 2042, 2270, 2279, 2306, and 2495, representing mutations in amino 
acids 600, 608, 674, 681, 757, 760, 769, and 832. 
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Figure 3: Equivalent proteasomal degradation of mGluR3 and mGluR3-ZIK indicates 
ubiquitin-independent degradation mechanism. Representative Western blots of 
mGluR2/3 and actin under conditions of 10 µM MG132 treatment are shown. Both 
receptors accumulate equivalently with proteasomal inhibition and are detected in the 
same higher-order bands. 
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Figure 4: Metabotropic glutamate receptor three is not ubiquitinated. A) Both mGluR3 
and mGluR3-ZIK show equal expression and banding patterns in the soluble lysates. B) 
HA-ubiquitin is robustly expressed in all conditions. C) The immunoprecipitation of 
mGluR3 and mGluR3-ZIK was successful. Note that smears between 50 kDa and 150 
kDa represent antibody cross-reactivity due to the same antibody being used for the 
pull-down and the blot. D) HA-ubiquitin does not co-immunoprecipitate with mGluR3 or 
mGluR3-ZIK. A slight mark at 100 kDa in the HA-ubiquitin alone lane represents 
background of HA-ubiquitin sticking to the beads. 



35	
  

	
  

 
 
 

 
 

Figure 5: Both β-arrestin1 and β-arrestin2 interact with mGluR3 in a cellular context. 
Assays were performed following 30 minutes of cross-linking with 2 mM DSP. A) 
Soluble lysate samples show equal input of mGluR3 and immunoprecipitation samples 
show co-immunoprecipitation of mGluR3 with HA-β-arrestin1 with no background of 
mGluR3 sticking to the anti-HA beads. B) Soluble lysate samples show equal input of 
mGluR3 and immunoprecipitation samples show co-immunoprecipitation of mGluR3 
with HA-β-arrestin2. 
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Figure 6: Both group II mGluRs undergo similar proteasomal degradation that is not 
agonist-dependent. A representative Western blot of mGluR2 and mGluR3 under 
conditions of 0.2% DMSO (vehicle), 10 µM LY354740 agonist, and/or 10 µM MG132 is 
shown. This blot shows a particularly robust increase in mGluR detection following 
MG132 treatment, but the increase is not substantially affected by agonist treatment. 
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Figure 7: Group II mGluRs are degraded by the proteasome in primary cortical 
embryonic rat neurons. A representative blot of mGluR2/3 shows a significant 
accumulation with 20 µM MG132 treatment in comparison to vehicle, especially in the 
higher-order species. This effect is not impacted by the co-application of 10 µM 
LY354740. 
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Figure 8: DMSO treatment results in a significant upregulation of group II mGluR 
expression in primary cortical embryonic rat neurons. A representative blot shows a 
larger increase in detection of group II mGluRs in both the monomer and higher-order 
bands following 0.2% DMSO treatment for 24 hours in comparison to 7 hours. 
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Figure 9: Group II mGluRs signal through pAKT in primary cortical embryonic rat 
neurons. A) A representative image with detection of phosphorylated AKT (red) and 
total AKT (green) following 10 minutes of treatment with vehicle or 1 µM agonist after 3 
hours of starvation is shown. B) The pAKT to total AKT ratio increases 1.6-fold over 
vehicle after 10 minutes of agonist treatment (n=5; p=0.0038 in a paired t-test). 
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Figure 10: Effects of DMSO and MG132 on group II mGluRs are ablated when 
starvation occurs immediately before harvesting. A slight increase in the higher-order 
species may occur with DMSO treatment alone but not with MG132 dissolved in DMSO. 
The lack of a robust and consistent accumulation of group II mGluRs under conditions 
of DMSO and MG132 treatment followed by starvation precludes any valuable data 
collection from signaling assays that require such starvation. 
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Figure 11: Effects of MG132 on mGluR3 surface expression cannot be evaluated with 
surface biotinylation due to solubility changes with MG132 treatment. A) No increase in 
mGluR3 detection with 10 µM MG132 treatment occurs in the soluble lysate samples, 
contrary to what has been seen in whole cell lysates. B) The biotinylation reaction and 
MG132 treatment both reduce mGluR3 solubility significantly, resulting in higher 
mGluR3 levels in the membrane fraction. C) Biotinylated surface mGluR3 from the 250 
kDa higher-order species is pulled down with streptavidin beads. However, there is no 
difference in the amount of receptor pulled down between DMSO and MG132 
conditions because the amount of receptor in the soluble lysates that are incubated with 
the beads is nearly equivalent. 
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Figure 12: Cycloheximide appears to increase group II mGluR levels, contrary to known 
mechanism of action. In accordance with earlier studies, DMSO produces a large 
increase in mGluR2/3 expression over baseline, and MG132 has a moderate effect over 
DMSO. Cycloheximide should cause decreased protein expression by inhibiting protein 
biosynthesis, but unexpectedly, mGluR2/3 levels increased with cycloheximide 
application. 
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