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Background: The 5-HT2A-mGlu2 receptor 
heterocomplex is involved in psychosis.  
Results: Substitution of A6774.40, A6814.44 and 
A6854.48 in mGlu2 abolishes the behavioral effects 
of hallucinogenic 5-HT2A agonists.  
Conclusion: Three residues at transmembrane 
domain 4 of mGlu2 are necessary to form the 5-
HT2A-mGlu2 receptor heterocomplex.  
Significance: These results provide insight into 
the structure and behavioral function of the 5-
HT2A-mGlu2 receptor heterocomplex. 
 
SUMMARY 

Serotonin and glutamate G protein-coupled 
receptor (GPCR) neurotransmission affects 
cognition and perception in humans and 
rodents. GPCRs are capable of forming 
heteromeric complexes that differentially alter 
cell signaling, but the role of this structural 
arrangement in modulating behavior remains 
unknown. Here we identified three residues 
located at the intracellular end of 
transmembrane domain four that are necessary 
for the metabotropic glutamate 2 (mGlu2) 

receptor to be assembled as a GPCR heteromer 
with the serotonin 5-HT2A receptor in mouse 
frontal cortex. Substitution of these residues 
(A6774.40, A6814.44 and A6854.48) leads to absence 
of 5-HT2A-mGlu2 receptor complex formation, 
an effect that is associated with a decrease in 
their heteromeric ligand binding interaction. 
Disruption of heteromeric expression with 
mGlu2 attenuates the psychosis-like effects 
induced in mice by hallucinogenic 5-HT2A 
agonists. Further, the ligand binding 
interaction between the components of the 5-
HT2A-mGlu2 receptor heterocomplex is up-
regulated in frontal cortex of schizophrenic 
subjects as compared to controls. Together, 
these findings provide structural evidence for 
the unique behavioral function of a GPCR 
heteromer.  
________________________________________ 

 
G protein-coupled receptors (GPCRs) 

represent the largest family of plasma membrane 
proteins, and are responsible for much of the 
transmembrane signal transduction in living cells 
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(1, 2). These signaling molecules have in common 
a central core domain that is composed of seven 
transmembrane (TM) alpha helices, with an 
extracellular amino terminus and an intracellular 
carboxyl tail (3). GPCRs have been traditionally 
considered to exist as monomeric structural units 
that couple to intracellular heterotrimeric G 
proteins upon ligand binding. The monomeric 
model of receptor signaling is supported by 
observations based on assays that measured 
agonist binding and G protein coupling of a single 
purified monomeric family A GPCR, including the 
β2-adrenoceptor (4) and rhodopsin (5), 
reconstituted into a phospholipid bilayer. These 
findings in reconstituted systems provide clear 
evidence that a single receptor is sufficient for 
fully functional G protein activation. Nevertheless, 
it is now well accepted that GPCRs also assemble 
into homomeric (6-9) and heteromeric (10, 11) 
structural units.  Heteromers of GPCRs are of 
particular interest because they have been 
suggested to exhibit specific pharmacological and 
signaling properties as compared to homomeric 
GPCRs in vitro in tissue culture (12-16). The 
functional significance of heteromeric GPCR 
complexes in whole animal models remains 
largely unexplored. 

Another point of interest is related to the 
structural arrangement between the components of 
GPCR homo- and hetero-oligomers. There is 
incontrovertible evidence about the domains that 
contribute to family C GPCR complex formation: 
these include both extracellular disulfide bonds 
and intracellular coiled-coil domains in the case of 
metabotropic glutamate (mGlu) and GABAB 
receptors, respectively (17, 18). Family A GPCRs, 
such as rhodopsin, α1b-adrenergic, and dopamine 
D2 receptors, have been shown to be assembled 
into homo-oligomeric complexes with 
symmetrical contact points involving TM4 and the 
extracellular end of TM1 (6, 7, 19). Much less is 
known about the residues located at the GPCR 
heteromeric interface.  

Family A serotonin 5-HT2A and family C 
mGlu2 receptors have been implicated in the 
pathophysiology of schizophrenia and other 
psychotic disorders, as well as in the molecular 
mechanism of action of hallucinogenic drugs of 
abuse (20, 21). Previous findings convincingly 
demonstrate that the 5-HT2A receptor and the 
mGlu2 receptor form a specific heteromeric 

complex through which serotonin and glutamate 
ligands modulate the pattern of G protein coupling 
in living cells. We have also shown that the 
segment containing TM4 and TM5 of mGlu2 is 
necessary for this receptor to be assembled as a 
heterocomplex with the 5-HT2A receptor (13, 16). 
Despite this evidence, the specific residues at the 
heteromeric interface responsible for 5-HT2A-
mGlu2 receptor heterocomplex formation remain 
undefined. Similarly, the role of this GPCR 
heterocomplex in the psychosis-like behavioral 
responses induced in mice by hallucinogenic drugs 
has not been resolved. 

Here, we show that three residues located at 
the intracellular end of TM4 of mGlu2 are 
necessary to form the 5-HT2A-mGlu2 receptor 
heterocomplex in living cells. Based on these 
structural findings, we attempted to abolish the 
behavioral responses induced by hallucinogenic 
drugs in mice in which 5-HT2A and mGlu2 are co-
expressed but are unable to form a complex. In 
addition, we provide evidence that the ligand 
binding interaction between 5-HT2A and mGlu2 as 
a receptor heterocomplex is dysregulated in the 
neocortex of schizophrenic subjects.  

 
 
EXPERIMENTAL PROCEDURES 

Drugs—1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane (DOI) was purchased from Sigma-
Aldrich. (1R,4R,5S,6R)-4-Amino-2-
oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid 
(LY379268) was obtained from Tocris Cookson 
Inc. [3H]Ketanserin was purchased from 
PerkinElmer Life and Analytical Sciences, Inc. 
[3H]-2S-2-amino-2-(1S,2S-2-carboxycyclopropan-
1-yl)-3-(xanth-9-yl)-propionic acid 
([3H]LY341495) was purchased from American 
Radiolabeled Chemicals, Inc. All other chemicals 
were obtained from standard sources.  

Transient Transfection of HEK293 cells—
Human embryonic kidney (HEK293) cells were 
maintained in Dulbecco’s modified Eagle’s 
medium supplemented with 10% (v/v) foetal 
bovine serum at 37°C in a 5% CO2 humidified 
atmosphere. Transfection was performed using 
Lipofectamine 2000 reagent (Invitrogen) 
according to manufacturer’s instructions. 

Plasmid Construction—All PCR reactions 
were performed using Pfu Ultra Hotstart DNA 
polymerase (Stratagene) in a Mastercycler Ep 
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Gradient Auto thermal cycler (Eppendorf). All the 
constructs were confirmed by DNA sequencing. 
Cycling conditions were 30 cycles of 94°C/30 sec, 
55°C/30 sec, and 72°C/1 min per kilobase of 
amplicon, with an initial denaturation/activation of 
94°C/2 min and a final extension of 72°C/7 min. 
N-terminally c-Myc-tagged form of wild type 
human 5-HT2A (pcDNA3.1-c-Myc-5HT2A) and 
N-terminally haemagglutinin (HA)-tagged forms 
of wild type human mGlu2 (pcDNA3.1-HA-
mGlu2) and mGlu3 (pcDNA3.1-HA-mGlu3) have 
been previously described (13).  

Chimeric human mGlu2 with transmembrane 
domain 4 from human mGlu3: The construct was 
generated by PCR-directed mutagenesis. Two 
overlapping PCR fragments were obtained using 
pcDNA3.1-HA-mGlu2 plasmid as a template and 
the primers hG2TM4/S (5’-
AGTTCTCAGGTTTTCATCTGCCTGGGTCTG
ATCCTGGTGCAAATTGTGATGGTGTCTGTG
TGGCTCATCGTGGAGGCACCGGGCACAGG
CAAGGAGACAGCCC-3’) and hG2TM4/A (5’-
GATGAGCCACACAGACACCATCACAATTT
GCACCAGGATCAGACCCAGGCAGATGAAA
ACCTGAGAACTAGGACTGATGAAGCGTGG
CCGCTGGGCACCCT-3’). The final 
amplification product (1,058 bp), which includes 
the mutant sequence in the TM4 of the human 
mGlu3, was generated with outer oligonucleotides 
HpaI-hG2/S (5’- 
GCGGCCAGTTAACGGGCGCCGCCTC-3’) and 
BsrGI-hG2/A (5’- 
GGCTTCACCATGTACACCACCTGCA-3’). 
The final PCR product was digested using HpaI 
and BsrGI, and subcloned into the same restriction 
sites of pcDNA3.1-HA-mGlu2. 

Chimeric human mGlu2 with transmembrane 
domain 5 from human mGlu3: The plasmid was 
generated by PCR-directed mutagenesis. Two 
overlapping PCR fragments were obtained using 
pcDNA3.1-HA-mGlu2 plasmid as a template and 
the primers hG2TM5/S (5’-
TCCAGCATGTTGATCTCTCTTACCTACGAT
GTGATCCTGGTGATCTTATGCACTGTGTAC
GCCTTCAAAACTCGCAAGTGCCCCGAAAA
CTT-3’) and hG2TM5/A (5’- 
TTTGAAGGCGTACACAGTGCATAAGATCA
CCAGGATCACATCGTAGGTAAGAGAGATC
AACATGCTGGAATCGCGGTGGTTGCAGCG
CAGTGTC-3’). The final amplification product 
(1,058 bp), which includes the mutant sequence in 

the TM5 of the human mGlu3, was generated with 
outer oligonucleotides HpaI-hG2/S and BsrGI-
hG2/A (see above). The final PCR product was 
digested using HpaI and BsrGI, and subcloned into 
the same restriction sites of pcDNA3.1-HA-
mGlu2. 

Chimeric human mGlu3 with transmembrane 
domain 4 from human mGlu2: The plasmid was 
generated by PCR-directed mutagenesis. Two 
overlapping PCR fragments were obtained using 
pcDNA3.1-HA-mGlu3 plasmid as a template and 
the primers hG3TM4/S (5’-
GCCTCACAGGTGGCCATCTGCCTGGCACTT
ATCTCGGGCCAGCTGCTCATCGTGGTCGCC
TGGCTGGTGCTGGAGGCCCCAGGCACCAG
GAGGTATACC-3’) and hG3TM4/A (5’-
CACCAGCCAGGCGACCACGATGAGCAGCT
GGCCCGAGATAAGTGCCAGGCAGATGGCC
ACCTGTGAGGCGGGGCTGATGAATTTTGG
CCTCTGAGCGCC-3’). The final amplification 
product (2,640 bp), which includes the mutant 
sequence in the TM4 of the human mGlu2, was 
generated with outer primers: NheI-hG3/S (5’-
TTTTTGCTAGCATGAAGATGTTGACAAGAC
TGC-3’) and KpnI-hG3/A (5’-
AAAAAGGTACCTCACAGAGATGAGGTGGT
GGAGTC-3’). The final PCR product was 
digested using NheI and KpnI, and subcloned into 
the same restriction sites of pcDNA3.1-HA-
mGlu3. 

Chimeric human mGlu3 with transmembrane 
domain 5 from human mGlu2: The plasmid was 
generated by PCR-directed mutagenesis. Two 
overlapping PCR fragments were obtained using 
pcDNA3.1-HA-mGlu3 plasmid as a template and 
the primers hG3TM5/S (5’-
GCAAGTATGTTGGGCTCGCTGGCCTACAAT
GTGCTCCTCATCGCGCTCTGCACGCTTTAT
GCCTTCAAGACGCGGAAGTGCCCAGAAAA
TTTCAACGAAGC-3’) and hG3TM5/A (5’-
CTTGAAGGCATAAAGCGTGCAGAGCGCGA
TGAGGAGCACATTGTAGGCCAGCGAGCCC
AACATACTTGCATCTTTGACATTGCATTTT
AGGATGAC-3’). The final amplification product 
(2,640 bp), which includes the mutant sequence in 
the TM5 of the human mGlu2, was generated with 
outer primers NheI-hG3/S and KpnI-hG3/A (see 
above). The final PCR product was digested using 
NheI and KpnI, and subcloned into the same 
restriction sites of pcDNA3.1-HA-mGlu3. 
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Chimeric human mGlu2 with intracellular end 
of transmembrane domain 4 from human mGlu3: 
The plasmid was generated by PCR-directed 
mutagenesis. Two overlapping PCR fragments 
were obtained using pcDNA3.1-HA-mGlu2 
plasmid as a template and the primers 
hG2TM4N/S (5’- 
AGTTCTCAGGTTTTCATCTGCCTGGGTCTT
ATCTCGGGCCAGCTGCTCATCG-3’) and 
hG2TM4N/A (5’-
ACCCAGGCAGATGAAAACCTGAGAACTAG
GACTGATGAAGCGTGGCCGC-3’). The final 
amplification product (1,058 bp), which includes 
the mutant sequence in the intracellular end TM4 
of the human mGlu3, was generated with outer 
oligonucleotides HpaI-hG2/S BsrGI-hG2/A (see 
above). The final PCR product was digested using 
HpaI and BsrGI, and subcloned into the same 
restriction sites of pcDNA3.1-HA-mGlu2.  

Introduction of single point mutations into 
human mGlu2: The mutants A677S4.40, A681F4.44, 
or A685G4.48 (single point mutations or 
combination of single point mutations) were 
constructed using the QuickChange II Site Direct 
Mutagenesis Kit according to the manufacturer’s 
protocol (Stratagene). 

Co-immunoprecipitation Studies—Co-
immunoprecipitation studies using N-terminally c-
Myc tagged form of 5-HT2A, and N-terminally 
haemagglutinin (HA) tagged forms of mGlu2, 
mGlu3 or mGlu2/mGlu3 chimeras in HEK293 
were performed as previously described with 
minor modifications (13). Briefly, the samples 
were incubated overnight with protein A/G beads 
(Santa Cruz Biotechnology) and anti-c-Myc 
antibody (Cell Signaling Technology) at 4°C on a 
rotating wheel. Equal amounts of proteins were 
resolved by SDS-polyacrylamide gel 
electrophoresis. Detection of proteins by 
immunoblotting using anti-c-Myc and anti-HA 
antibodies (Cell Signaling Technology) was 
conducted using ECL system according to the 
manufacturer's recommendations. 

Flow Cytometry-Based Fluorescence 
Resonance Energy Transfer (FCM-based 
FRET)—Forms of mGlu2 and mGlu3 receptors C-
terminally tagged with enhanced yellow 
fluorescent protein (eYFP) were described 
previously (13). Forms of chimeric mGlu2/mGlu3 
receptors were C-terminally tagged with eYFP 
using a similar approach to that described above. 

The amplicon was PCR amplified using the 
following primers: HindIII-hG2/S (5’-
TTTTAAGCTTATGGTCCTTCTGTTGATCCT-
3’) and KpnI-hG2/A (5’-
TTTTGGTACCAAGCGATGACGTTGTCGAGT
-3’) for chimeric mGlu2 forms, and NheI-hG3/S 
(5’-
TTTTGCTAGCATGGTCCTTCTGTTGATCCT-
3’) and KpnI-hG3/A (5’-
TTTTGGTACCCAGAGATGAGGTGGTGGAG
T-3’) for chimeric mGlu3 forms. The PCR 
products were digested using HindIII and KpnI 
(chimeric mGlu2 forms), or NheI and KpnI 
(chimeric mGlu3 forms), and subcloned into the 
same restriction sites of pcDNA3.1-HA-mGlu2-
eYFP or pcDNA3.1-HA-mGlu3-eYFP. To 
generate 5-HT2A receptor C-terminally tagged with 
monomeric red fluorescent protein (mCherry), the 
original mCherry was amplified by PCR from its 
original vector (Clontech) using the following 
primers: XbaI-mCherry/S (5’-
TTTTTCTAGATTAGATGTTGTGGCGGATCT-
3’) and NotI-mCherry/A (5’-
TTTTGCGGCCGCATGGAGGACGGCAGCGT
GCA-3’). The PCR product was digested using 
XbaI and NotI, and subcloned into the same sites 
of pcDNA3.1-c-Myc-5HT2A-eCFP (13). 
Equivalent amounts of total DNA comprised of a 
constant concentration of pcDNA3.1-c-Myc-
5HT2A-mCherry and increasing concentrations of 
pcDNA3.1-c-Myc-mGlu2/m/Glu3-eYFP 
chimeras, together with empty pcDNA3.1 vector, 
were transfected. After 48 h, transfected HEK293 
cells were gently washed in DMEM medium 
without phenol red, suspended to 500,000 cells/ml, 
and filtered through filter top tubes (35 µm) prior 
to FCM-based FRET assays. FCM-FRET 
measurements were performed using a flow 
cytometer equipped with 355-nm, 405-nm, 488-
nm, and 532-nm lasers (LSR II, BD Biosciences). 
To measure eYFP and FRET, cells were excited 
with the 488-nm laser and fluorescence was 
collected in the eYFP channel with a standard 
530/20 filter, while the FRET signal was measured 
with the 610/620 filter. To measure mCherry, cells 
were excited with the 532-nm laser while the 
emission was also taken with a 610/620 filter. For 
each sample, we evaluated a minimum of 50,000 
positive cells that fell within the adjusted gate. All 
data were analyzed using the FloJo software (Tree 
Star, Inc.). The fold change of FCM-based FRET 
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was calculated as compared to the signal detected 
in cells co-transfected with the lowest ratio of 
eYFP-tagged mGlu2/mGlu3 chimera to 5-HT2A-
mCherry. FCM-based FRET signal obtained with 
the lowest ratio of eYFP-tagged mGlu2/mGlu3 
chimera to 5-HT2A-mCherry was not statistically 
different compared with that obtained with eYFP 
and 5-HT2A-mCherry. Maximum FRET values 
(FREXmax) were calculated by non-linear 
regression analysis.  

Fluorescence Resonance Energy Transfer 
(FRET) Microscopy—Experiments were 
performed as previously reported (6, 13, 22). 
Briefly, cells were grown on poly-d-lysine-treated 
glass coverslips (#0 thickness) and transfected to 
express the appropriate cerulean- and eYFP-
tagged receptor fusion proteins. After 24h, cells 
were placed into a microscope chamber containing 
physiological HEPES-buffered saline solution 
(130 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM 
MgCl2, 20 mM HEPES, and 10 mM d-glucose, pH 
7.4). Cells were then imaged using a Zeiss Axio 
Observer.Z1 invert microscope (Carl Zeiss), 
equipped with a ×63, (numerical aperture = 1.4), 
oil immersion Plan-Apochromat objective lens and 
a photometrics Evolve 512 electron multiplying 
CCD camera  (Roper Scientific, Trenton, NJ), 
coupled to a Dualview 2, (DV2), image splitting 
device attached to the left-hand microscope port. 
The DV2 was fitted with the following Chroma 
(Chroma, Brattleboro, VT), ET series dichroic and 
emitters so that FRET and donor intensity signals 
could be detected simultaneously without any 
potential threat of motion prior to the detection of 
the acceptor intensity signal: ET t505LPXR 
dichroic, ET535/30m, ET 470/24m. A computer-
controlled Colibri LED excitation light source 
(Carl Zeiss), equipped with 425 nm and 505 nm 
LED modules was used for rapid sequential 
excitation of experimental samples. Narrow band 
427 nm/10 nm and 504 nm/12 nm excitation filters 
fitted to the front of the 425 nm and 505 nm LED 
modules, respectively, were used to produce 427 
nm and 504 nm excitation light for the sequential 
excitation of cerulean- and eYFP-tagged receptors. 
Excitation light was reflected through the Plan-
Apochromat lens using a cyan/yellow fluorescent 
protein dual band dichroic filter (Semrock; 
Rochester, NY, catalog no. FF440/520-Di01) 
fitted to the 6 position reflector module turret. 
Using the multiple dimensional wavelength 

acquisition module of MetaMorph in combination 
with the image splitting device, FRET and donor 
intensity channel images were acquired 
simultaneously prior to the acquisition of the 
acceptor intensity channel image. 16 bit images 
were acquired without binning and exposure time 
and camera gain were kept constant for all 
acquisitions taken during each experiment. 
Computer control of all electronic hardware and 
camera acquisition was achieved using 
Metamorph software (version 7.7.7, Molecular 
Devices, Sunnydale, CA). 

A region of no fluorescence (i.e., black area) 
adjacent to the cell was used to determine the 
average background level of autofluorescence in 
the FRET, donor and acceptor intensity channel 
images ([*] indicates background corrected 
channel images). Cell region *FRET intensity 
channel values were ratiometrically normalized to 
the amount of donor and acceptor fluorescent 
protein expressed to generate a final ratiometric 
value (FRETR), which was dependent on receptor 
protein expression levels. A measurement cell 
region was defined on the *FRET intensity 
channel image and then transferred to the other 
channel images in exactly the same x-y position. 
Average fluorescence intensity values measured 
from each channel image cell region were then 
inserted into the following equation: FRETR = 
*FRET channel cell region intensity/(*acceptor 
channel cell region intensity × [a] + (*donor 
channel cell region intensity × [b]), where a and b 
are the calculated crosstalk coefficient values 
(measured from cells expressing only donor or 
acceptor receptor fusion proteins), defining the 
amount of acceptor and donor crosstalk 
contamination in the recorded *FRET intensity 
channel. In the absence of fluorescence resonance 
energy transfer, FRETR will have a predicted value 
of 1. FRETR values greater than 1 indicate the 
occurrence of FRET. Quantified FRETR values 
provided markedly better data quality compared 
with other ratiometric FRET metric algorithms 
(data not shown). 

Molecular Modeling—Three-dimensional 
molecular models of the seven transmembrane 
domains of 5-HT2A and mGlu2 receptors were 
built using the crystal structures of β2-adrenergic 
(PDB: 2RH1) (23) receptor and rhodopsin (PDB: 
1F88) (24), respectively, as structural templates, 
and the homology-modeling program SWISS-
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MODEL (25). The use of the crystal structure of 
β2-adrenergic receptor to build a model of a 5-
HT2A receptor is justified by the sequence 
similarity between these two receptors (13). The 
suitability of the rhodopsin template to build 
models of family C GPCRs, which includes the 
mGlu2 receptor, has previously been discussed in 
the literature (26). The configuration deriving 
from atomic force microscope of rhodopsin in 
native disk membranes (PDB: 1N3M) (19) was 
used as a template for the heteromeric interface 
between 5-HT2A and mGlu2 receptors. This 
modeling was obtained with the assistance of 
PyMOL (27).  

Experimental Animals—Experiments were 
performed on adult (8–12 weeks old) male 
129S6/Sv mice. 5-HT2A-KO (Htr2a-/-) mice have 
been previously described (28). mGlu2-KO 
(Grm2-/-) mice were obtained from the RIKEN 
BioResource Center, Japan (29), and backcrossed 
for at least 10 generations onto 129S6/Sv 
background. All subjects were offspring of 
heterozygote breeding. For experiments involving 
genetically modified mice, wild-type littermates 
were used as controls. Animals were housed at 12 
h light/dark cycle at 23°C with food and water ad 
libitum. The Institutional Animal Use and Care 
Committee at Mount Sinai School of Medicine 
approved all experimental procedures. 

Postmortem Human Brain Tissue Samples—
Human brains were obtained at autopsies 
performed in the Basque Institute of Legal 
Medicine, Bilbao, Spain, in compliance with 
policies of research and ethical boards for 
postmortem brain studies between 1995 and 2008. 
Deaths were subjected to retrospective searching 
for previous medical diagnosis and treatment using 
examiner’s information and records of hospitals 
and mental health centers. After searching of 
antemortem information was fulfilled, 27 subjects 
who had met criteria of schizophrenia according to 
the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV) (30) were selected. A 
toxicological screening for antipsychotics, other 
drugs and ethanol was performed on blood, urine, 
liver and gastric contents samples. Subjects who 
gave negative results for antipsychotic drugs in the 
toxicological screening were considered 
antipsychotic-free at death. The toxicological 
assays were performed at the National Institute of 
Toxicology, Madrid, Spain, using a variety of 

standard procedures including radioimmunoassay, 
enzymatic immunoassay, high-performance liquid 
chromatography and gas chromatography-mass 
spectrometry. 

Controls for the present study were chosen 
among the collected brains on the basis, whenever 
possible, of the following cumulative criteria: (1) 
negative medical information on the presence of 
neuropsychiatric disorders or drug abuse; (2) 
appropriate gender, age, postmortem delay (time 
between death and autopsy), and freezing storage 
time to match each subject in the schizophrenia 
group; (3) sudden and unexpected death (motor 
vehicle accidents); and (4) toxicological screening 
for psychotropic drugs with negative results except 
for ethanol. 

Specimens of prefrontal cortex (Brodmann’s 
area 9) were dissected at autopsy (0.5-1 g tissue) 
on an ice-cooled surface and immediately stored at 
-80°C until use. The definitive pairs of 
antipsychotic-free schizophrenics, of 
antipsychotic-treated schizophrenics and 
respective matched controls are shown in Table 
S1. Pairs of schizophrenia and matched controls 
were processed simultaneously and under the same 
experimental conditions. Brain samples were 
assayed for pH and RNA integrity number (RIN) 
as previously reported (31) (see Table S1).  

Electron Microscopy—Experiments were 
performed as previously reported with minor 
modifications (32). Briefly, P8.5 mice were 
perfused with 2% paraformaldehyde / 2% 
glutaraldehyde in 0.1M PB, and blocks from 
frontal cortex were infiltrated with Lowicryl 
HM20 (Electron Microscopy Sciences) using a 
freeze substitution protocol.  Ultrathin sections 
were collected on formvar-coated nickel grids and 
immunolabeled with rabbit anti-5HT2A (Abcam, 
ab16028) and/or mouse anti-mGlu2 (Abcam, 
ab15672) antibodies. Labeling was visualized 
using donkey anti-rabbit 10nm and anti-mouse 
6nm colloidal gold particles, respectively (both 
from Aurion). After labeling sections were stained 
with 4% uranyl acetate (Sigma) and 1% 
phosphotungstic acid (Sigma).  Digital images 
were taken on a Hitachi H7000 TEM at 80 kV 
with an Advanced Microscopy Techniques CCD 
camera. 

Immunoblot Assays—Western blot assays in 
mouse brain samples were performed as 
previously reported (16, 33).  
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Radioligand Binding—Radioligand binding 
assays were performed as previously described 
with minor modifications (13). Briefly, cell pellets 
(HEK293 cells) or tissue samples (postmortem 
human frontal cortex) were homogenized using a 
Teflon-glass grinder (10 up-and-down strokes at 
1,500 rpm) in 1 ml of binding buffer (see below), 
supplemented with 0.25 M sucrose. The crude 
homogenate was centrifuged at 1,000 × g for 5 
min at 4°C, and the supernatant was re-centrifuged 
at 40,000 × g for 15 min at 4°C. The resultant 
pellet (P2 fraction) was washed twice in 
homogenization buffer and re-centrifuged in 
similar conditions. Aliquots were stored at –80°C 
until assay. Protein concentration was determined 
using the Bio-Rad protein assay.  

In HEK293 cells, [3H]Ketanserin binding was 
performed as previously reported with minor 
modifications (13). Competition curves were 
carried out by incubating DOI (10-12-10-4 M; 
eighteen concentrations) in binding buffer 
containing 4 nM [3H]ketanserin. Non-specific 
binding was determined in the presence of 10 µM 
methysergide (Tocris).  

[3H]LY341495 binding was performed as 
previously reported with minor modifications (13). 
In HEK293 cells, binding saturation curves were 
performed using eleven concentrations of  
[3H]LY341495 binding (0.0625-20 nM). In 
postmortem human prefrontal cortex, competition 
curves were carried out by incubating LY379268 
(10-12-10-4 M; thirteen concentrations) in binding 
buffer containing 5 nM [3H]LY341495. 
Experiments were performed in the presence and 
in the absence of 10 µM DOI. Non-specific 
binding was determined in the presence of 1 mM 
L-glutamic acid (Tocris).  

Viral-mediated Gene Transfer—The primers 
BamHI-hG2 (5’-
TTTTGGATCCATGGTCCTTCTGTTGATCC-
3’) and XhoI-hG2 (5’- 
AAAACTCGAGTCAAAGCGATGACGTTGTC
G-3’) were used to amplify both sequences using 
the pcDNA3.1-HA-mGlu2 and the pcDNA3.1-
HA-mGlu2ΔTM4N as templates, respectively. The 
PCR product (2,658 pb) was digested using 
BamHI and XhoI, and subcloned into the same 
restriction sites of a published bicistronic p1005+ 
Herpes simplex virus (HSV) plasmid (33). Viral 
particles were then packaged as described before 
(33). HSV-mGlu2, HSV-mGlu2ΔTM4N, or 

control HSV-GFP, was injected into the frontal 
cortex by stereotaxic surgery according to standard 
methods. Briefly, mice were anesthetized with a 
combination of ketamine (100 mg/kg) and 
xylazine (10 mg/kg) during the surgery. The virus 
was delivered bilaterally with a Hamilton syringe 
at a rate of 0.1 µl/min for a total volume of 0.5 µl 
on each side. The following coordinates were 
used: +1.6 mm rostral-caudal, -2.4 mm dorsal-
ventral, +2.6 mm medial-lateral from bregma 
(relative to dura) with a 10° lateral angle. The 
coordinates were taken according to a published 
atlas of the 129/Sv mouse strain (34). The Nissl 
staining of the coronal brain slice was taken from 
the mouse brain atlas with author’s permission 
(Fig. 8A) (34). All experiments were performed 3-
4 days after the viral infection when transgene 
expression is maximal (33). Viral-mediated mGlu2 
and mGlu2-NT over-expression levels in frontal 
cortex were confirmed by Western blotting and 
quantitative real-time PCR (Fig. 8B, and data now 
shown).  

Immunohistochemistry—In HEK293 cells, 
experiments were performed as previously 
reported with minor modifications (35). Briefly, 
primary antibody anti-c-Myc (Cell Signaling 
Technology, #2272) and anti-HA antibody (Cell 
Signaling Technology, #2367) were added at 
dilutions 1:50 and incubated for 60 min at room 
temperature.  

In mouse frontal cortex, experiments were 
performed as previously reported with minor 
modifications (16, 33). Briefly, GFP 
immunoreactivity was assayed by using polyclonal 
antibody (Santa Cruz sc-8334; 1:100) and Alexa 
488 dye-conjugated anti-rabbit antibody (1:500).  

Head-twitch Behavioral Response—Head-
twitch experiments were performed as previously 
described (28). 

Statistical Analysis—FCM-based FRET and 
radioligand binding data were analyzed using a 
nonlinear curve fitting software (GraphPad Prism). 
An extra-sum-of-squares (F-test) was used to 
determine statistical difference for simultaneous 
analysis of saturation and displacement curves. 
Statistical significance of biochemical or 
behavioral experiments involving three or more 
groups was assessed by one-way ANOVA 
followed by Bonferroni’s post hoc test. Statistical 
significance of biochemical experiments involving 
two groups was assessed by Student’s t-test. The 
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level of significance was chosen at p = 0.05. All 
data are presented as mean ± S.E.M. 
 
RESULTS 
Subcellular co-localization of 5-HT2A and mGlu2 
receptors in mouse frontal cortex. Frontal cortex 
integrates a wide array of functions in cognition 
and perception, and has been recently implicated 
in schizophrenia and other psychotic disorders (13, 
36, 37). Previous findings suggest that, as revealed 
by fluorescence microscopy in mouse frontal 
cortex, neurons positive for 5-HT2A-like 
immunoreactivity are mostly also positive for 
mGlu2-like immunoreactivity (16). A similar 
overlap in the distribution of 5-HT2A and mGlu2 
has been shown by radioactive autoradiography 
(38, 39) and fluorescent in situ hybridization (13) 
techniques. In studying GPCR heteromerization, it 
is important to validate a possible physical 
association between both receptors by determining 
their proximity and sub-cellular distribution in 
native tissue (40). Approaches such as the ones 
mentioned above, however, do not provide 
sufficient resolution to define proximity between 
5-HT2A and mGlu2 receptors within individual 
cortical neurons. To explore the ultrastructural 
localization of 5-HT2A and mGlu2 receptors in 
neurons in frontal cortex in vivo, we 
immunolabeled the receptors using different sized 
gold particles and visualized their distribution 
using electron microscopy. Labeling for 5-HT2A 
was observed most commonly in dendrites, near 
synapses and extrasynaptically (Fig. 1A and data 
not shown). Labeling for mGlu2 was observed in 
presynaptic terminals, and in dendrites at or near 
postsynaptic sites (Fig. 1B and data not shown). 
Both patterns are consistent with previous work in 
rat and monkey (41, 42). Notably, in double-
immunolabeled sections, labeling for both 
receptors was observed in close proximity, 
particularly at or near synaptic junctions (Fig. 1C). 
The overall labeling patterns for the individual 
receptors in double-immunolabeled sections did 
not differ from that obtained in single-
immunolabeled sections (Figs. 1A-1C). Specificity 
of the primary antibodies against 5-HT2A and 
mGlu2 receptors was confirmed in knockout (KO) 
mice (Fig. 1D). These data are consistent with a 
possible close proximity at subcellular level 
between both receptors in frontal cortical neurons.  

TM4 of mGlu2 mediates association with 5-HT2A. 
We have previously shown a signaling crosstalk 
between 5-HT2A and mGlu2 receptors as a 
receptor heterocomplex that affects the pattern of 
G protein coupling in vitro in living cells (13, 16). 
Determining the structural components at the 
interaction interface responsible for stabilizing the 
quaternary structure of the 5-HT2A-mGlu2 receptor 
heterocomplex is thus central to understanding its 
signaling function, yet such structural information 
remains rather limited. We first performed 
immunoprecipitation assays using anti-c-Myc 
antibodies in plasma membrane preparations of 
HEK293 cells transfected to express the c-Myc-
tagged form of the 5-HT2A receptor alone, or 
together with an HA-tagged form of the mGlu2 
receptor or an equivalent HA-tagged form of the 
mGlu3 receptor. As previously reported (13), 
immunoprecipitation using anti-c-Myc antibodies 
in cells transfected to co-express the c-Myc-5-
HT2A and HA-mGlu2 resulted in co-
immunoprecipitation of anti-HA immunoreactivity 
(Fig. 2A). In SDS-PAGE gels of such 
immunoprecipitated material, anti-HA 
immunoreactivity was detected as a mixture of a 
95 kDa polypeptide, and a band of approximately 
190 kDa that corresponds to the size anticipated 
for an mGlu2 receptor homo-dimer (Fig. 2A). Co-
immunoprecipitation of anti-HA immunoreactivity 
was not produced when either c-Myc-5-HT2A or 
HA-mGlu2 were expressed individually, or when 
plasma membrane preparations expressing either 
the c-Myc- or the HA-tagged forms of the 
receptors were combined before 
immunoprecipitation (Fig. 2A). More importantly, 
co-immunoprecipitation of anti-HA 
immunoreactivity was not produced when c-Myc-
5-HT2A and HA-mGlu3 were co-expressed (Fig. 
2A). Such observations are consistent with 
receptor protein complex formation between the 
co-expressed, tagged forms of c-Myc-5-HT2A and 
HA-mGlu2, but not HA-mGlu3, receptors. 

The differences in the capacity of mGlu2 and 
mGlu3 receptors to interact with the 5-HT2A 
receptor provided the basis of our strategy to 
identify the structural components at the 
interaction interface responsible for 5-HT2A-
mGlu2 receptor heterocomplex formation. Using a 
series of molecular chimeras of mGlu2 and 
mGlu3, we have previously demonstrated that the 
segment containing TM4 and TM5 of mGlu2 is 
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necessary for 5-HT2A-mGlu2 receptor 
heterocomplex formation (13). We found here that 
the HA-tagged form of the mGlu2 receptor 
chimera containing the segment corresponding to 
TM4 of the mGlu3 receptor (mGlu2ΔTM4) did 
not show evidence of being able to co-
immunoprecipitate with the c-Myc-tagged form of 
the 5-HT2A receptor (Fig. 2B). On the contrary, 
HA-mGlu2ΔTM5 was capable of co-
immunoprecipitating with c-Myc-5-HT2A (Fig. 
2B). Analysis of HA-mGlu3ΔTM4 and HA-
mGlu3ΔTM5 showed that TM4 of mGlu2 rescues 
heterocomplex formation with c-Myc-5-HT2A, 
whereas TM5 of mGlu2 is not significantly 
involved (Fig. 2C). Together, these data suggest 
that TM4 of mGlu2 is necessary to form a protein 
complex with the 5-HT2A receptor.  
Intracellular end of TM4 mediates association 
with 5-HT2A. We next went on to investigate the 
residues in TM4 of mGlu2 that are principally 
responsible for heteromeric formation. In 
homomers of family A GPCRs, some studies have 
proposed a critical role for the residues located 
near the intracellular end of TM4 (6, 19). 
However, molecular proximity between a subset 
of residues along the entire length of TM4 has also 
been observed (43). To address this question 
directly, we substituted residues of TM4 based on 
inferences from primary sequence comparisons 
between mGlu2 and mGlu3 receptors 
(Supplementary Fig. S1A). We found that 
substitution of residues A6774.40, A6814.44 and 
A6854.48 in mGlu2 for S6864.40, F6904.44 and 
G6944.48 in mGlu3 (HA-mGlu2ΔTM4N) 
significantly reduces co-immunoprecipitation with 
c-Myc-5-HT2A (Fig. 2D, and Supplementary Figs. 
S1B and S1C) (superscripts in this form indicate 
Ballesteros-Weinstein numbering for conserved 
GPCR residues) (44). These three residues are 
located within the predicted cytoplasmic end of 
TM4, and face outward in the predicted mGlu2 
7TM helical bundle (Supplementary Fig. S1D). 
The central importance of A6774.40, A6814.44 and 
A6854.48 in TM4 of HA-mGlu2 was further 
supported by the absence of observable effect of 
substitutions at positions S6884.51, G6894.52, 
L6914.54, L6924.55, I6934.56, V6954.58, A6964.59 and 
V6994.62 in mGlu2 for L6974.51, V6984.52, I7004.54, 
V7014.55, M7024.56, S7044.58, V7054.59 and I7084.62 
in mGlu3 (HA-mGlu2ΔTM4C) in co-

immunoprecipitation assays with c-Myc-5-HT2A 
(Fig. 2D, and Supplementary Figs. S1B and S1C). 
Nevertheless, findings based on co-
immunoprecipitation assays do not exclude the 
possibility that 5-HT2A and mGlu2 receptors 
interact indirectly, via scaffolding proteins, as part 
of the same protein complex, rather than in close 
molecular proximity as a GPCR heteromeric 
complex (45). We therefore attempted to validate 
our observations that A6774.40, A6814.44 and 
A6854.48 of mGlu2 are responsible for GPCR 
heteromeric formation with the 5-HT2A receptor. 

Flow cytometry (FCM) is a non-invasive 
approach that allows quantitative determination of 
the fluorescence signal from individual cells in a 
large population (46). Fluorescence resonance 
energy transfer (FRET) between donor and 
acceptor fluorophores fused to distinct GPCRs 
occurs only when the FRET partners are located 
within 100Å of each other—a distance that falls 
within the dimensions anticipated for GPCR 
homo- and heteromers (47). We combined FRET 
and FCM approaches (FCM-based FRET) to study 
receptor interactions in individual intact living 
cells (46). To establish an assay to measure FRET 
by FCM, we first performed FRET titration 
experiments with cells co-expressing increasing 
amounts of the enhanced yellow fluorescent 
protein (eYFP)-tagged mGlu2 receptor (mGlu2-
eYFP) as a donor and constant amounts of the 
cherry fluorescent protein (mCherry)-tagged 5-
HT2A receptor (5-HT2A-mCherry) as an acceptor 
(Fig. 3A). Linear versus non-linear regression 
analysis showed that FRET signal in cells co-
expressing mGlu2-eYFP and 5-HT2A-mCherry can 
be fit preferably by a saturation curve (Fig. 3B). 
One of the main limitations of the FRET assay is 
that signal may result from random collision of the 
labeled proteins (48). Our findings indicate that 
linear regression provided the best fit to FRET 
signal in cells co-transfected with mGlu3-eYFP 
and 5-HT2A-mCherry. Similar findings were 
obtained with the fluorescent protein eYFP and 5-
HT2A-mCherry (Fig. 3B). Analysis of the 
maximum FRET values (FRETmax) also showed 
lower signal between mGlu3-eYFP or eYFP, and 
5-HT2A-mCherry as compared to mGlu2-eYFP 
and 5-HT2A-mCherry (Fig. 3C). These results 
support the sensitivity and specificity of the FCM-
based FRET assay in HEK293 cells. They also 
indicate that mGlu2-eYFP and 5-HT2A-mCherry 
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maintain close molecular proximity, whereas the 
FRET signal between mGlu3-eYFP and 5-HT2A-
mCherry results from random collision as it is not 
significantly different from that obtained in cells 
co-expressing the isolated fluorescent protein 
eYFP and 5-HT2A-mCherry. 

To validate further the central importance of 
A6774.40, A6814.44 and A6854.48 of mGlu2 in 
forming the GPCR heteromeric interface with the 
5-HT2A receptor, and to support the specificity of 
the FCM-based FRET assay, we carried out 
additional experiments with mGlu2ΔTM4N and 
mGlu2ΔTM4C in living cells. Notably, FRET 
titration experiments showed that co-expression of 
mGlu2ΔTM4N-eYFP and 5-HT2A-mCherry 
resulted in undetectable levels of FRET signal 
(Fig. 4A), whereas a saturable FRET signal similar 
to that obtained in cells co-expressing mGlu2-
eYFP and 5-HT2A-mCherry was obtained between 
mGlu2ΔTM4C-eYFP and 5-HT2A-mCherry (Fig. 
4A; see also Fig. 4B for FRETmax values).  

To confirm the specificity of these 
interactions, and to rule out a role of 
donor/acceptor orientation, we performed FRET 
microscopy experiments in living cells with the 
use of the cerulean fluorescent protein-tagged 5-
HT2A receptor (5-HT2A-cerulean) as donor and 
eYFP-tagged mGlu2/mGlu3 chimeras as acceptors 
(Fig. 4C). The FRET signal between 5-HT2A-
cerulean and mGlu2ΔTM4C-eYFP was similar to 
that obtained with 5-HT2A-cerulean and mGlu2-
eYFP, whereas co-expression of 5-HT2A-cerulean 
and mGlu2ΔTM4N-eYFP resulted in signal that 
was reduced close to the value observed with co-
expression of 5-HT2A-cerulean and mGlu3-eYFP 
(Figs. 4C and 4D).  

We next explored the contribution of 
individual residues at the cytoplasmic end of TM4 
of the mGlu2 receptor in GPCR heteromeric 
complex formation with the 5-HT2A receptor. We 
performed FCM-based FRET measurements using 
mGlu2-eYFP with single point mutations at 
A6774.40, A6814.44 or A6854.48 to the corresponding 
residues from the mGlu3 receptor, and 5-HT2A-
mCherry. As stated above, FCM-based FRET 
signal in cells co-expressing mGlu2-eYFP and 5-
HT2A-mCherry can be fit preferably by a 
saturation curve (Fig. 5A). The simultaneous 
analysis of multiple titration curves indicated that 
A681F4.44 or A685G4.48, but not A677S4.40, 

significantly affect the FRET saturation curves as 
compared to mGlu2-eYFP (Fig. 5A). More 
importantly, analysis of individual FRETmax values 
showed increased signal of A677S4.40, A681F4.44 
and A685G4.48 as compared to mGlu3-eYFP (Fig. 
5B). This suggests that two or more of these three 
residues are necessary at the heteromeric interface 
between 5-HT2A and mGlu2 receptors. 

We therefore introduced each of the double 
mutations into mGlu2-eYFP (A677S4.40 and 
A681F4.44, A677S4.40 and A685G4.48, or A681F4.44 
and A685G4.48). Notably, we found that the FCM-
based FRET signal between each of these double 
mutants and 5-HT2A-mCherry did not differ 
significantly from the one obtained between 
mGlu3-eYFP and 5-HT2A-mCherry (Figs. 5C and 
5D). The levels of expression of wild type and 
mutant heterologous constructs were comparable 
(Supplementary Figs. S2A-S2C, see also 
Supplementary Fig. S2D for evidence of plasma 
membrane expression). Taken together, our 
findings indicate that any two out of the three 
residues located at the intracellular end of TM4, 
which based on a receptor model face outwards 
(Figs. 6A and 6B), are responsible for the dramatic 
difference in heteromer formation between the 5-
HT2A receptor and mGlu2 or mGlu3 receptors in 
living cells.  
A6774.40, A6814.44 and A6854.48 of mGlu2 affect the 
allosteric crosstalk between mGlu2 and 5-HT2A 
receptors. Competition binding assays can provide 
a sensitive measure of functional interactions 
within a receptor heterocomplex (49). To 
determine whether A6774.40, A6814.44 and A6854.48 
of mGlu2 have functional roles in heteromer 
pharmacology, we examined the effects of co-
expressed A677S4.40, A681F4.44 and A685G4.48 on 
the competition binding displacement curves of 
the 5-HT2A receptor antagonist [3H]ketanserin by 
the 5-HT2A receptor agonist DOI. As expected, 
competition binding experiments of [3H]ketanserin 
by DOI were best described by a two-site model in 
cells expressing the 5-HT2A receptor alone (Fig. 
7A and Table 1). Displacement of [3H]ketanserin 
binding by DOI became monophasic in cells co-
expressing 5-HT2A and mGlu2, but not mGlu3, 
receptors (Fig. 7A and Table 1). We also 
demonstrate that A677S4.40, A681F4.44 and 
A685G4.48 together (mGlu2ΔTM4N) (Fig. 7B and 
Table 1), or any combination of two out of these 
three alterations (Fig. 7C and Table 1), do not 
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affect the fit to a two site model of DOI displacing 
[3H]ketanserin binding, as compared to that 
observed with the 5-HT2A receptor alone (see Fig. 
7A). However, the high affinity component of the 
capacity of DOI to displace [3H]ketanserin binding 
was decreased when mGlu2ΔTM4C and the 5-
HT2A receptor were co-expressed, resulting in a 
monophasic displacement curve (Fig. 7B and 
Table 1). 
Viral-mediated over-expression of mGlu2 as a 
receptor heterocomplex with the 5-HT2A receptor 
in mouse frontal cortex rescues psychosis-like 
behavior. We have previously demonstrated that 
the head-twitch murine behavioral response is 
reliably and robustly elicited by hallucinogens, 
and is absent in 5-HT2A-KO mice (28). We also 
showed that the head-twitch response induced by 
the hallucinogenic 5-HT2A agonist DOI was 
significantly decreased in mGlu2-KO mice (50). 
These results suggest that the mGlu2 receptor is 
necessary to induce a 5-HT2A-dependent head-
twitch response. However, whether 
heteromerization is required for this behavioral 
response remains unknown. To fully establish the 
role of the 5-HT2A-mGlu2 receptor heterocomplex 
in the psychoactive-like effects induced by 
hallucinogenic drugs, we over-expressed either 
mGlu2 or mGlu2ΔTM4N in frontal cortex of 
mGlu2-KO mice to examine whether this 
manipulation would regulate behavior. Mice 
received intra-frontal cortical injections of 
bicistronic herpes simplex 2 viral particles (HSV-
2) expressing green fluorescent protein (GFP) and 
either mGlu2 or mGlu2ΔTM4N, or GFP alone. 
First, we confirmed that the virus over-expresses 
mGlu2 or mGlu2ΔTM4N in mouse frontal cortex 
(Figs. 8A and 8B). We next investigated the 
behavioral effects induced by hallucinogenic drugs 
in HSV-mGlu2 and HSV-mGlu2ΔTM4N mice, 
and their HSV-GFP counterparts. Remarkably, we 
found that the head-twitch response induced by the 
hallucinogenic 5-HT2A agonist DOI was rescued in 
mGlu2-KO mice over-expressing mGlu2, but not 
mGlu2ΔTM4N, in frontal cortex as compared to 
that seen in animals expressing GFP (Fig. 8C). 
Together, these findings indicate that the 5-HT2A-
mGlu2 receptor complex in frontal cortex is 
critical for regulating psychosis-like states through 
a heteromeric interface that involves A6774.40, 

A6814.44 and A6854.48 at the cytoplasmic end of 
TM4 of the mGlu2 receptor.  
Allosteric crosstalk between mGlu2 and 5-HT2A 
receptors in postmortem human brain of 
schizophrenic subjects. Although pharmacological 
models of neuropsychiatric disturbances have 
limitations (51), recent studies indicate that the 
clinical effects of hallucinogenic drugs, such as 
psilocybin, mescaline and lysergic acid 
diethylamide (LSD), closely resemble a set of 
positive symptoms in schizophrenia (20, 52). We 
have previously shown that the 5-HT2A receptor is 
up-regulated and the mGlu2 receptor is down-
regulated in frontal cortex of postmortem 
schizophrenic subjects (13, 53), a pattern of 
expression that could predispose to psychosis. The 
absence of DOI-dependent head-twitch behavioral 
response in mice that do not express 5-HT2A and 
mGlu2 as a GPCR heteromer (see Fig. 8C above), 
together with the allosteric interaction between 5-
HT2A and mGlu2 that we observed in tissue culture 
(see Fig. 7 above), led us to speculate that the 
functional crosstalk via the receptor 
heterocomplex might be dysregulated in frontal 
cortex of schizophrenic subjects. We compared the 
effect of DOI on displacement of [3H]LY341495 
binding by LY379268 (selective mGlu2/3 
antagonist and agonist, respectively) in frontal 
cortex membrane preparations of schizophrenic 
subjects and individually matched controls (see 
Supplementary Table S1 for demographic 
information). As previously reported in mouse 
frontal cortex (13), competition binding 
experiments of [3H]LY341495 were best described 
by a two-site model, and DOI (10 µM) decreased 
the high-affinity component of LY379268 
competition of [3H]LY341495 binding in both 
schizophrenic subjects and controls (Figs. 9A-9C 
and Table 2; see also Supplementary Fig. S3 for 
full displacement curves). The high-affinity of 
LY379268 displacing [3H]LY341495 binding was 
greater in frontal cortex of schizophrenic subjects 
as compared to controls (Figs. 9A-9C and Table 
2). No statistically significant differences were 
found between the low-affinity of LY379268 
displacing [3H]LY341495 binding in 
schizophrenic subjects and individually matched 
controls (Supplementary Fig. S3 and Table 2). 
Interestingly, we also found that the difference 
between the high-affinities of LY379268 
displacing [3H]LY341495 binding in the presence 



12 of 21 

and in the absence of DOI was significantly 
increased in frontal cortex of schizophrenic 
subjects (Fig. 8D). No differences were observed 
between untreated and treated schizophrenic 
subjects (Supplementary Fig. S4). These findings 
suggest that the allosteric crosstalk between the 
components of the 5-HT2A-mGlu2 receptor 
heterocomplex is dysregulated in frontal cortex of 
schizophrenic subjects.  
 
DISCUSSION 

Although the interfaces of some family A 
GPCR homocomplexes have been studied 
extensively as regulators of ligand binding and 
receptor activation, the structural basis of GPCR 
heteromeric association is less well established. 
Similarly, the role of GPCR heteromers in whole 
animal models of pharmacology and behavior 
remains poorly understood. In this study, we 
provide evidence for the direct involvement of 
three residues located at the intracellular end of 
TM4 of the mGlu2 in being necessary for its 
heteromeric assembly with the 5-HT2A receptor. 
Our data reveal a critical role for A6774.40, 
A6814.44 and A6854.48 of mGlu2 in the expression 
of this receptor with the 5-HT2A receptor as a 
GPCR heterocomplex in tissue culture and mouse 
frontal cortex. We first show that substitution of 
these three residues with the ones located at 
equivalent positions in the TM4 of the closely 
related mGlu3 is sufficient to disrupt its 
heteromeric association with the 5-HT2A receptor 
in living cells. It is well known that expression of 
the mGlu2 receptor is necessary for the behavioral 
effects induced by hallucinogenic 5-HT2A agonists 
such as DOI and LSD in mouse models (16, 50). 
Although interesting, these data do not indicate 
directly whether the 5-HT2A-mGlu2 heteromeric 
complex is necessary for the psychosis-like states 
induced by hallucinogenic drugs. We now 
demonstrate that viral-mediated over-expression of 
mGlu2 in frontal cortical neurons of mGlu2-KO 
mice rescues the head-twitch behavioral response 
induced by DOI, whereas over-expression of 
mGlu2 with A6774.40, A6814.44 and A6854.48 
substituted by the corresponding residues of 
mGlu3 does not. Furthermore, our data reveal that 
A6774.40, A6814.44 and A6854.48 of mGlu2 are 
necessary for the allosteric binding interaction 
between the components of the 5-HT2A-mGlu2 
receptor heterocomplex, a functional crosstalk that 

we also found up-regulated in postmortem frontal 
cortex of schizophrenic subjects as compared to 
that obtained in controls. These data provide the 
first evidence for the specific residues responsible 
for GPCR heteromeric complex formation, 
validate the 5-HT2A-mGlu2 receptor 
heterocomplex as necessary for the behavioral 
effects induced by LSD-like drugs in rodents, and 
reveal a potential role for this heteromeric receptor 
complex in the alterations in cognition and 
perception observed in schizophrenic patients.  

The experimental identification of residues 
located at the interface of GPCR oligomeric 
structures has been the focus of significant 
attention. Recent years have seen great advances 
in determining crystal structures of family A 
GPCRs (54). Among these, crystal structures of 
GPCR subtypes, such as the photoactivated 
intermediate of rhodopsin (55), the β2-adrenergic 
receptor bound to a partial inverse agonist (56), 
and the κ-opioid receptor bound to a selective 
antagonist (57) suggest that TM1 and the 
intracellular helix 8 following TM7 are located at 
the interface of the receptor homomer. However, 
in homomers of the CXCR4 receptor bound to an 
antagonist, the individual molecules interact only 
at the extracellular side of TM5 and TM6 (58). 
These differences suggest structural variability 
among the interfaces of family A homomeric 
GPCRs. Another possible explanation for the 
differences observed between the TM domains 
located at the interface of family A GPCR 
homomeric complexes may be related to the 
effects of solubilization and crystalization on the 
oligomeric structure. The crystal structures of 
rhodopsin, the β2-adrenergic receptor, and the κ-
opioid receptor contain individual GPCR 
molecules that are packed in a parallel manner 
(55-57), which is the form that represents the 
physiologically relevant orientation. However, 
crystal structures of rhodopsin (24) and the A2A 
adenosine receptor (59) revealed an anti-parallel 
association, suggesting that solubilization 
protocols may affect the location of the 
components of GPCR oligomers.  Interestingly, 
experiments performed in native membranes by 
atomic force microscopy put forward that the 
interface between two rhodopsin molecules is 
likely to involve TM4 and TM5, whereas TM1 
facilitates the formation or rhodopsin dimer rows 
(19). A similar conclusion has been reached in 
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vitro in living cells with the dopamine D2 
homomeric receptor using a cysteine cross-linking 
assay (7, 43, 60). This assay represents a sensitive 
and specific method for detection of positions that 
are located in close molecular proximity to one 
another at the homomeric interface. Although 
interesting, it does not provide information as to 
whether the individual residues in close proximity 
are necessary to form the GPCR homomeric 
structure. Using the differences between mGlu2 
and mGlu3 receptors in the formation of a GPCR 
heteromeric complex with the 5-HT2A receptor, 
our findings demonstrate that three residues 
located at the intracellular end of TM4 are 
responsible for the location of the mGlu2 receptor 
in close molecular proximity to the 5-HT2A 
receptor at the plasma membrane in living cells. 
Our findings do not exclude a possible parallel 
interface along the entire TM4 of the mGlu2 
receptor, but rather provide compelling evidence 
of the individual residues that are necessary to 
form the 5-HT2A-mGlu2 receptor heterocomplex. 
The importance of these three residues is further 
supported by the absence of allosteric crosstalk 
between 5-HT2A and mGlu2ΔTM4N, but not 
between 5-HT2A and mGlu2ΔTM4C, in cultured 
cells. Family A GPCRs such as α1b-adrenergic and 
dopamine D2 receptors have been shown to form 
higher order homo-oligomers (6, 7). However, 
convincing findings suggest that metabotropic 
glutamate receptors form strict dimers, and not 
higher order oligomers, at the cell surface (61). 
Further investigation will be needed to assess the 
potential expression of 5-HT2A and mGlu2 as a 
higher order oligomer in living cells.  

One of the main concerns regarding the 
existence of GPCR heterocomplexes is the 
specificity and sensitivity of the biochemical 
studies in vitro in tissue culture, as well as the 
evidence for molecular proximity in vivo in native 
tissue. In the present study, we show that 5-HT2A 
and mGlu2 receptors form a stable protein 
complex, as it resists the protocol of plasma 
membrane preparation and solubilization followed 
by co-immunoprecipitation experiments in 
HEK293 cells (see Fig. 2A) and in native tissue 
(13, 16). However, a potential caveat of studies 
involving co-immunoprecipitation of epitope-
tagged receptors is the hydrophobicity of the TM 
domains of GPCRs, which raises the concerns of 
non-specific aggregation following detergent 

extraction of proteins from plasma membrane 
preparations (48). We observed absence of co-
immunoprecipitation in cells expressing only one 
of the tagged receptors and combined prior to the 
immunoprecipitation step. Together with the 
absence of co-immunoprecipitation of HA-mGlu3 
when co-expressed with c-Myc-5-HT2A, this 
eliminates non-specific aggregation as a potential 
explanation of co-immunoprecipitation, and 
supports the specificity of the co-
immunoprecipitation assay in plasma membrane 
preparations. The conclusion that 5-HT2A and 
mGlu2 receptors are located in close molecular 
proximity in living cells is also reached based 
upon our results showing FRET signal between 
mGlu2-eYFP and 5-HT2A-mCherry, but not 
between mGlu3-eYFP and 5-HT2A-mCherry. 
Similar findings were obtained when the donor 
and acceptor fluorophores were swapped in FCM-
based FRET and FRET microscopy assays. 
Importantly, wild type and chimeric receptors 
show comparable levels of expression as 
determined by radioligand binding, flow-
cytometry and immunocytochemistry. Together, 
these findings suggest that random collision is not 
the mechanism underlying the FCM-based FRET 
signal obtained in tissue culture. 

A notable finding of the current study is that 
5-HT2A and mGlu2 receptors from a GPCR 
heteromeric complex with specific functional 
outcomes in native tissue. We previously found an 
allosteric crosstalk between the components of the 
5-HT2A-mGlu2 receptor heterocomplex in mouse 
frontal cortex plasma membrane preparations (13). 
Our findings now demonstrate that A6774.40, 
A6814.44 and A6854.48 of mGlu2 are necessary for 
this pharmacological property of the 5-HT2A-
mGlu2 receptor heterocomplex to occur, with 
validation of the allosteric crosstalk in postmortem 
human frontal cortex. These findings, together 
with the alterations in the allosteric crosstalk 
between 5-HT2A and mGlu2 as a receptor 
heterocomplex that we observed in postmortem 
frontal cortex of schizophrenic subjects, point 
toward a possible role for this GPCR 
heterocomplex in the etiology of schizophrenia 
and psychosis. 

Although further investigation is needed to 
characterize quantitatively their ultrastructural co-
localization in human and mouse CNS, here we 
provide evidence of subcellular co-
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immunolocalization and close physical proximity 
of 5-HT2A and mGlu2 receptors at cortical 
synaptic junctions at the electron microscopy 
level. Previous studies convincingly demonstrate 
that the cellular, electrophysiological and 
behavioral responses induced by hallucinogenic 
drugs in mouse models are intrinsic to 5-HT2A 
receptor-expressing cortical pyramidal neurons 
(28, 62, 63). Since HSV-mediated over-expression 
of mGlu2, but not mGlu2ΔTM4N, in frontal 
cortical neurons of mGlu2-KO mice rescues the 
head-twitch behavior induced by the 
hallucinogenic 5-HT2A receptor agonist DOI, 
together, these findings provide the first evidence 

that the cortical 5-HT2A-mGlu2 receptor 
heterocomplex is necessary for at least some of the 
psychoactive effects of hallucinogenic drugs. 

In summary, we show that expression of 5-
HT2A and mGlu2 as a GPCR heteromer in frontal 
cortex is important for regulating psychosis-like 
behavior in mice, and potentially involved in the 
altered cortical processes of schizophrenia. These 
findings extend our understanding of the 
molecular basis of psychosis, and may provide a 
route to the development of new, more effective 
drugs for the treatment of schizophrenia and other 
psychotic disorders.  
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FIGURE LEGENDS 

FIGURE 1: Subcellular co-localization of 5-HT2A and mGlu2 receptors in mouse cortical neurons.  
a) Immunogold labeling for the 5-HT2A receptor. b) Immunogold labeling for the mGlu2 receptor. c) 
Immunogold labeling for 5-HT2A and mGlu2 receptors. Different sized black dots show 5-HT2A receptor 
immunolabeling (larger 10-nm gold particles) and mGlu2 receptor immunolabeling (smaller 6-nm gold 
particles). Inset: High magnification view of region delineated by boxed area. Note that the 10-nm gold 
particles (filled arrows) and the 6-nm gold particles (open arrows) were located in very close proximity at 
synaptic junctions in mouse frontal cortex (den, dendrite; ax, axon; at, axon terminal). Scale bars: 100-
nm. d) Western blots in frontal cortex of wild type (WT), 5-HT2A-KO and mGlu2-KO mice. 
Representative immunoblots in plasma membrane preparations of mouse frontal cortex are shown. 
 
 
FIGURE 2: TM4 of mGlu2 mediates complex formation with the 5-HT2A receptor. a) Co-
immunoprecipitation experiments of c-Myc-5-HT2A and HA-mGlu2 or HA-mGlu3 in co-transfected 
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HEK293 cells. The mGlu2, but not the mGlu3, co-immunoprecipitates with the 5-HT2A receptor. b) Co-
immunoprecipitation experiments of c-Myc-5-HT2A and HA-mGlu2ΔTM4 or HA-mGlu2ΔTM5 in co-
transfected HEK293 cells. The presence of TM4, but not TM5, of the mGlu2 receptor is necessary to co-
immunoprecipitate with the 5-HT2A receptor. c) Co-immunoprecipitation experiments of c-Myc-5-HT2A 
and HA-mGlu3ΔTM4 or HA-mGlu3ΔTM5 in co-transfected HEK293 cells. The presence of TM4, but 
not TM5, of the mGlu2 conferred the capacity to co-immunoprecipitate with the 5-HT2A receptor. d) Co-
immunoprecipitation experiments of c-Myc-5-HT2A and HA-mGlu2ΔTM4N or HA-mGlu2ΔTM4C in co-
transfected HEK293 cells. The presence of the intracellular end of TM4, but not the extracellular end of 
TM4, of the mGlu2 receptor is necessary to co-immunoprecipitate with the 5-HT2A receptor. 
Schematic of mGlu2/mGlu3 chimeras studied are shown. 
For a control, cells separately expressing the c-Myc- or HA-tagged forms were mixed. Similar findings 
were obtained in two other independent experiments. 
See also Supplementary Figs. S1 and S2.  
 
FIGURE 3: Measurement of molecular interactions between 5-HT2A and mGlu2 receptors by 
FCM-based FRET assay. a) Representative flow-cytometric analysis of FRET between mGlu2-eYFP 
(donor) and 5-HT2A-mCherry (acceptor). Increasing amounts of mGlu2-eYFP were co-expressed with a 
constant amount of 5-HT2A-mCherry in HEK293 cells. The specificity of mGlu2-eYFP and 5-HT2A-
mCherry interactions were assessed by comparison with co-expression of mGlu3-eYFP and 5-HT2A-
mCherry, and eYFP and 5-HT2A-mCherry. The red boxes outline the gate in which FRET signal was seen. 
Numbers represent percentage of cells within the indicated gates. b) Fold change of FCM-based FRET 
signal for each combination of eYFP- or mCherry-tagged receptors. Only the data obtained in cells co-
expressing mGlu2-eYFP and 5-HT2A-mCherry can be fit preferably by a saturation curve, assessed by F 
test. The other co-transfection datasets show linear correlations (n = 3-8). Note that mGlu3 or eYFP 
decrease the FCM-based FRET signal as compared to mGlu2: mGlu2-eYFP + 5-HT2A-mCherry 
compared to eYFP + 5-HT2A-mCherry, F[2,37] = 21.58, p < 0.001; mGlu2-eYFP + 5-HT2A-mCherry 
compared to mGlu3-eYFP + 5-HT2A-mCherry, F[2,41] = 27.96, p < 0.001. c) FRETmax obtained from 
individual FCM-based FRET saturation curves. ***, p < 0.001; n.s, not significant; Bonferroni’s post hoc 
test of one-way ANOVA. Error bars represent S.E.M. 
 
FIGURE 4: Three residues located at the intracellular end of TM4 of mGlu2 mediate complex 
formation with the 5-HT2A receptor. a) Fold change of FCM-based FRET signal for each combination 
of eYFP- or mCherry-tagged receptors (eYFP-tagged, donor; mCherry-tagged, acceptor). Data obtained 
in cells co-expressing mGlu2-eYFP and 5-HT2A-mCherry, or mGlu2ΔΤM4C-eYFP and 5-HT2A-mCherry, 
can be fit preferably by a saturation curve, assessed by F test. Data obtained in cells co-expressing 
mGlu3-eYFP and 5-HT2A-mCherry, or mGlu2ΔΤM4N-eYFP and 5-HT2A-mCherry show linear 
correlations (n = 4). Note that mGlu2ΔΤM4N or mGlu3, but not mGlu2ΔΤM4C, decrease the FCM-based 
FRET signal as compared to mGlu2: mGlu2-eYFP + 5-HT2A-mCherry compared to mGlu3-eYFP + 5-
HT2A-mCherry, F[2,28] = 29.09, p < 0.001; mGlu2-eYFP + 5-HT2A-mCherry compared to 
mGlu2ΔTM4N-eYFP + 5-HT2A-mCherry, F[2,28] = 25.21, p < 0.001; mGlu2-eYFP + 5-HT2A-mCherry 
compared to mGlu2ΔTM4C-eYFP + 5-HT2A-mCherry, F[2,28] = 1.23, p > 0.05. b) FRETmax obtained 
from individual FCM-based FRET saturation curves.  **, p < 0.01; ***, p < 0.001; n.s, not significant; 
Bonferroni’s post hoc test of one-way ANOVA. c) Single-cell FRET in live HEK293 cells co-expressing 
5-HT2A-cerulean and either mGlu2, mGlu3, mGlu2ΔTM4N, or mGlu2ΔTM4C chimera, all tagged with 
eYFP (cerulean-tagged, donor; eYFP-tagged, acceptor). Pseudo-color images of FRET signals represent 
the ratiometric normalization of the FRET signal (FRETR). d) Results from a single experiment, 
representative of three independent studies, are shown. 5-HT2A-cerulean + mGlu2-eYFP (n = 23); 5-
HT2A-cerulean + mGlu3-eYFP (n = 16); 5-HT2A-cerulean + mGlu2ΔTM4N-eYFP (n = 21); 5-HT2A-
cerulean + mGlu2ΔTM4C-eYFP (n = 21). Significant increases in FRETN signal over control are seen 
only with co-expression of 5-HT2A and either mGlu2 or mGlu2ΔTM4C. **, p < 0.01; ***, p < 0.001; n.s, 
not significant; Bonferroni’s post hoc test of one-way ANOVA. Error bars represent S.E.M. 
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FIGURE 5: Any two out of the three residues located at the intracellular end of TM4 of mGlu2 
mediate complex formation with the 5-HT2A receptor. a) Fold change of FCM-based FRET signal for 
each combination of eYFP- or mCherry-tagged receptors (eYFP-tagged, donor; mCherry-tagged, 
acceptor). Data obtained in cells co-expressing either mGlu2, mGlu3, mGlu2-A677S4.40, mGlu2-
A681F4.44 or mGlu2-A685G4.48, all tagged with eYFP, and 5-HT2A-cerulean can be fit preferably by a 
saturation curve, assessed by F test. Data obtained in cells co-expressing mGlu3-eYFP and 5-HT2A-
mCherry show linear correlations (n = 4-8). Note that mGlu2-A681F4.44, mGlu2-A685G4.48 or mGlu3, but 
not mGlu2-A677S4.40, decrease the FCM-based FRET signal as compared to mGlu2: mGlu2-eYFP + 5-
HT2A-mCherry compared to mGlu3-eYFP + 5-HT2A-mCherry, F[2,40] = 40.17, p < 0.001; mGlu2-eYFP 
+ 5-HT2A-mCherry compared to mGlu2-A677S4.40-eYFP + 5-HT2A-mCherry, F[2,28] = 0.76, p > 0.05; 
mGlu2-eYFP + 5-HT2A-mCherry compared to mGlu2-A681F4.44-eYFP + 5-HT2A-mCherry, F[2,44] = 
3.62, p < 0.05; mGlu2-eYFP + 5-HT2A-mCherry compared to mGlu2-A685G4.48-eYFP + 5-HT2A-
mCherry: F[2,36] = 3.70, p < 0.05. b) FRETmax obtained from individual FCM-based FRET saturation 
curves. Note that FRETmax is significantly increased in mGlu2, mGlu2-A677S4.40, mGlu2-A681F4.44, and 
mGlu2-A685G4.48 as compared to mGlu3. **, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s, not significant; 
Bonferroni’s post hoc test of one-way ANOVA. c) Fold change of FCM-based FRET signal for each 
combination of eYFP- or mCherry-tagged receptors (eYFP-tagged, donor; mCherry-tagged, acceptor). 
Data obtained in cells co-expressing either mGlu2, mGlu2-A677S4.40-A681F4.44, mGlu2-A677S4.40-
A685G4.48, or mGlu2-A681F4.44-A685G4.48, all tagged with eYFP, and 5-HT2A-mCherry can be fit 
preferably by a saturation curve, assessed by F test. Data obtained in cells co-expressing mGlu3-eYFP 
and 5-HT2A-mCherry show linear correlations (n = 8-23). Note that mGlu2-A677S4.40-A681F4.44, mGlu2-
A677S4.40-A685G4.48, mGlu2-A681F4.44-A685G4.48 or mGlu3 all decrease the FCM-based FRET signal as 
compared to mGlu2: mGlu2-eYFP + 5-HT2A-mCherry compared to mGlu3-eYFP + 5-HT2A-mCherry, 
F[2,150] = 52.28, p < 0.001; mGlu2-eYFP + 5-HT2A-mCherry compared to mGlu2-A677S4.40-A681F4.44-
eYFP + 5-HT2A-mCherry, F[2,106] = 14.96, p < 0.001; mGlu2-eYFP + 5-HT2A-mCherry compared to 
mGlu2-A677S4.40-A685G4.48-eYFP + 5-HT2A-mCherry, F[2,118] = 18.02, p < 0.001; mGlu2-eYFP + 5-
HT2A-mCherry compared to mGlu2-A681F4.44-A685G4.48-eYFP + 5-HT2A-mCherry, F[2,121] = 13.97, p < 
0.001. d) FRETmax obtained from individual FCM-based FRET saturation curves. Note that FRETmax is 
significantly increased in mGlu2, but not in mGlu2-A677S4.40-A681F4.44, mGlu2-A677S4.40-A685G4.48, 
and mGlu2-A681F4.44-A685G4.48, as compared to mGlu3. ***, p < 0.001; n.s, not significant; Bonferroni’s 
post hoc test of one-way ANOVA. Error bars represent S.E.M. 
See also Supplementary Fig. S2.  
 
FIGURE 6: A6774.40, A6814.44, and A6854.48 are critical for mGlu2 to form a receptor heteromer 
with 5-HT2A. a) Ribbon backbone representation of the transmembrane helices of the 5-HT2A-mGlu2 
heteromer model. Residues A6774.40, A6814.44, and A6854.48 are shown as spheres. b) Ribbon backbone 
representation of the transmembrane helices of the 5-HT2A-mGlu2ΔTM4N heteromer model. Residues 
S6774.40, F6814.44, and G6854.48 are shown as spheres.  
 
FIGURE 7: Any two out of the three residues located at the intracellular end of TM4 of mGlu2 
affect allosteric crosstalk with the 5-HT2A receptor. a) [3H]Ketanserin binding displacement curves by 
DOI in HEK293 cells co-expressing 5-HT2A and either mGlu2 or mGlu3 receptors. Note that the 5-HT2A 
affinity for DOI was decreased by mGlu2, and was unaffected by mGlu3 co-expression, assessed by F 
test (n = 6). b) [3H]Ketanserin binding displacement curves by DOI in HEK293 cells co-expressing 5-
HT2A and either mGlu2ΔTM4N, or mGlu2ΔTM4C chimera. Note that the 5-HT2A affinity for DOI was 
decreased by mGlu2ΔTM4C, and was unaffected by mGlu2ΔTM4N co-expression, assessed by F test (n 
= 6). c) [3H]Ketanserin binding displacement curves by DOI in HEK293 cells co-expressing 5-HT2A and 
either mGlu2-A677S4.40-A681F4.44, mGlu2-A677S4.40-A685G4.48, or mGlu2-A681F4.44-A685G4.48 chimera. 
Note that the 5-HT2A affinity for DOI was unaffected by mGlu2-A677S4.40-A681F4.44, mGlu2-A677S4.40-



21 of 21 

A685G4.48, or mGlu2-A681F4.44-A685G4.48 co-expression, assessed by F test (n = 6). Error bars represent 
S.E.M. 
See also Table 1 for statistical analysis.  
 
FIGURE 8: Expression of mGlu2 as a receptor heterocomplex with 5-HT2A is necessary for 
psychosis-like behavior induced by hallucinogenic drugs. a) Representative image of HSV-mediated 
transgene expression in frontal cortex. HSV-mGlu2, which also expresses GFP, was injected into frontal 
cortex, and GFP expression was revealed by immunocytochemistry. Scale bar, 200-µm. b) HSV-mediated 
transgene expression in mouse frontal cortex. HSV-GFP, HSV-mGlu2, and HSV-mGlu2ΔTM4N were 
injected into frontal cortex of mGlu2-KO mice, and anti-mGlu2 expression was measured by Western 
blotting. c) Viral-mediated over-expression of mGlu2, but not mGlu2ΔTM4N, in frontal cortex of mGlu2-
KO mice significantly rescues the head-twitch response induced by the hallucinogenic 5-HT2A agonist 
DOI (n = 4 per group). ***, p < 0.001; n.s, not significant; Bonferroni’s post hoc test of one-way 
ANOVA. Error bars represent S.E.M. 
 
FIGURE 9: Allosteric crosstalk between mGlu2 and 5-HT2A as a receptor heterocomplex is up-
regulated in postmortem frontal cortex of schizophrenic subjects. a, b) [3H]LY341495 binding 
displacement curves by LY379268 in frontal cortex membrane preparations of schizophrenic subjects (b) 
and individually matched controls (a). Experiments were performed in the presence and in the absence of 
DOI (10 µM). Note that displacement curves of [3H]LY341495 binding by LY379268 were statistically 
different in the presence of DOI, assessed by F test. c) Affinity of LY379268 (Ki-high) displacing 
[3H]LY341495 binding in postmortem frontal cortex membrane preparations of schizophrenic subjects 
and individually matched controls. Note that, in absence of DOI, the affinity of LY379268 displacing 
[3H]LY341495 was significantly higher in schizophrenic subjects as compared to controls. Also note that 
DOI (10 µM) significantly decreased the affinity of LY379268 displacing [3H]LY341495 binding in both 
schizophrenic subjects and controls. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Student’s t-test. d) Effect of 
DOI (10 µM) on the affinity of LY379268 displacing [3H]LY341495 binding in postmortem frontal 
cortex membrane preparations of schizophrenic subjects as compared to individually matched controls. 
Note that the effect of DOI is significantly higher in schizophrenic subjects. **, p < 0.01; Student’s t-test. 
Error bars represent S.E.M. 
See also Table 2 for statistical analysis, Supplementary Table S1 for demographic information, 
Supplementary Fig. S3 for full displacement curves, and Supplementary Figure S4 for findings in 
schizophrenic subjects untreated and treated with antipsychotic drugs. 
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Table 1. [3H]Ketanserin binding displacement curves by DOI in HEK293 cells co-transfected with 5-

HT2A and mGlu2/mGlu3 chimeras.  

mGlu receptor Ki-high (log M) Ki-low (log M) % High 

mock -7.78 ± 0.4 -5.72 ± 0.2 31.2 ± 8.1 

mGlu2 NA -6.19 ± 0.2 NA 

mGlu3 -7.25 ± 0.2 -3.83 ± 0.3 41 ± 8.5 

mGlu2ΔTM4N -7.21 ± 0.2 -4.92 ± 0.3 56.5 ± 6.4 

mGlu2ΔTM4C NA -6.25 ± 0.1 NA 

mGlu2-A4.40S-A4.44F -7.97 ± 0.1 -5.01 ± 0.4 63.9 ± 11 

mGlu2-A4.40S-A4.48G -8.56 ± 0.4 -6.20 ± 0.2 33.6 ± 8.0 

mGlu2-A4.44F-A4.48G -8.68 ± 0.6 -6.56 ± 0.1 26.4 ± 7.4 

DOI displacement of [3H]ketanserin (4.0 nM; KD = 7.1 nM) binding was performed in HEK293 cells co-
transfected with 5-HT2A and mGlu2/mGlu3 chimeras. Competition curves were analyzed by nonlinear 
regression to derive dissociation constants for high (Ki-high) and low (Ki-low) affinity states of the receptor. % 
High refers to the percentage of high-affinity binding sites as calculated from nonlinear fitting. Values are 
best fit ± S.E.M. of three experiments performed in duplicate. One-site or two-site model as a better 
description of the data was determined by F test. Two-site model, p < 0.05. NA, two-site model not 
applicable, p > 0.05.  

 

 

 

 



Table 2. Effect of DOI on [3H]LY341495 binding displacement curves by LY379268 in postmortem frontal cortex 

of schizophrenic subjects (n = 27) and controls (n = 27) 

 Vehicle DOI (10 µM) 

 Ki-high (log M) Ki-low (log M) % High Ki-high (log M) Ki-low (log M) % High 

Control -9.08 ± 0.2 -7.40 ± 0.0 26.2 ± 4 -8.49 ± 0.2* -6.74 ± 0.2 39.5 ± 6 

Schizophrenia -9.97 ± 0.2†† -7.38 ± 0.1 28.1 ± 2 -8.56 ± 0.2*** -7.29 ± 0.0 36.0 ± 5 

LY379268 displacement of [3H]LY341495 (5.0 nM; KD = 4.6 nM) binding was performed in postmortem frontal cortex 
of schizophrenic subjects and controls (see Supplementary Table S1 for demographic information).  Competition curves 
were analyzed by nonlinear regression to derive dissociation constants for high (Ki-high) and low (Ki-low) affinity states of 
the receptor. % High refers to the percentage of high-affinity binding sites as calculated from nonlinear fitting. Values 
are best fit ± S.E.M. of experiments performed in triplicate. One-site or two-site model as a better description of the data 
was determined by F test (two-site model, p < 0.05). Control-Vehicle: F[2,348] = 76.21, p < 0.0001; Control-DOI: 
F[2,348] = 14.20, p < 0.0001; Schizophrenia-Vehicle: F[2,348] = 225.9, p < 0.0001; Schizophrenia-DOI: F[2,348] = 
34.29, p < 0.0001. 
Effect of DOI on Ki-high: *, p < 0.05, ***, p < 0.001 as compared to vehicle (Student’s t-test). 
Differences between schizophrenia and controls: ††, p < 0.01 as compared to control subjects (Student’s t-test).  

 

 

 

 



Supplementary Figure S1 

Species Accession 4.40  TM4 

 

GRM2 (Homo sapiens) NP_000830 677 ASQVAICLALISGQLLIVVAWLV 

GRM2 (Mus musculus) NP_001153825 677 ASQVAICLALISGQLLIVAAWLV 

GRM2 (Rattus norvegicus) NP_001099181 677 ASQVAICLALISGQLLIVAAWLV 

GRM2 (Pan troglodytes) BAI22787  677 ASQVAICLALISGGLLIVVAWLV 

GRM2 (Bos taurus)  NP_001192795 677 ASQVAICLALISGGLLIVATWLV 

GRM3 (Homo sapiens) NP_000831 686 SSQVFICLGLILVQIVMVSVWLI 

GRM3 (Mus musculus) NP_862898 686 SSQVFICLGLILVQIVMVSVWLI 

GRM3 (Rattus norvegicus) NP_001099182 686 SSQVFICLGLILVQIVMVSVWLI 

GRM3 (Macaca fascicularis) ABD74419 686 SSQVFICLGLILVQIVMVSVWLI 

GRM3 (Bos taurus)  NP_001091592 686 SSQVFICLGLILVQIVVVSVWLI 
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SUPPLEMENTAL DATA 

Supplementary Fig. S1. a) Multiple sequence alignment of the transmembrane domain 4 (TM4) 
of mGlu2 (GRM2) and mGlu3 (GRM3) receptors. All residues are identified by the Ballesteros-
Weinstein numbering system (i.e., the most conserved residue in the TM in which they are 
located is assigned the position index “50”), as well as by the residue numbers of the amino acid 
sequences in the species shown above. Residues that are different between mGlu2 and mGlu3 
receptors are highlighted in red. b, c) Co-immunoprecipitation experiments of c-Myc-5-HT2A and 
HA-mGlu2, HA-mGlu2ΔTM4N or HA-mGlu2ΔTM4C in co-transfected HEK293 cells. Co-
immunoprecipitation was decreased by substitution of residues A6774.40, A6814.44 and A6854.48 in 
mGlu2 for S6864.40, F6904.44 and G6944.48 in mGlu3 (HA-mGlu2ΔTM4N), but not by substitution 
of residues S6884.51, G6894.52, L6914.54, L6924.55, I6934.56, V6954.58, A6964.59 and V6994.62 in 
mGlu2 for L6974.51, V6984.52, I7004.54, V7014.55, M7024.56, S7044.58, V7054.59 and I7084.62 in mGlu3 
(HA-mGlu2ΔTM4C), as compared to HA-mGlu2 (n = 9). *, p < 0.05; Bonferroni’s post hoc test 
of one-way ANOVA. Error bars represent S.E.M. d) Ribbon backbone representation of the 
transmembrane helices of the mGlu2 receptor. Residues A6774.40, A6814.44 and A6854.48 in TM4 
are highlighted in orange. 

Supplementary Fig. S2. a) [3H]Ketanserin binding saturation curves in HEK293 cells transfected 
with c-Myc-5HT2A or c-Myc-5HT2A-mCherry (n = 2). b, c) [3H]LY341495 binding saturation 
curves in HEK293 cells transfected with HA-mGlu2, HA-mGlu2, HA-mGlu2ΔTM4, HA-
mGlu2ΔTM5, HA-mGlu3ΔTM4, HA-mGlu2ΔTM5, HA-mGlu2ΔTM4N, HA-mGlu2ΔTMC, 
HA-mGlu2-A4.40S (A4.40S), HA-mGlu2-A4.44F (A4.44F), HA-mGlu2-A4.48G (A4.48G), HA-
mGlu2-A4.40S-A4.44F (A4.40S-A4.44F), HA-mGlu2-A4.40S-A4.48G (A4.40S-A4.48G), or 
HA-mGlu2-A4.44F-A4.48G (A4.44F-A4.48G). Note that the level of expression is comparable 
for the different constructs. Also note that the relative level of expression does not correlate with 
their expression as a GPCR heterocomplex with the 5-HT2A receptor (n = 2). Error bars represent 
S.E.M. d) Representative micrographs showing expression of N-terminally c-Myc-tagged 5-
HT2A, and N-terminally tagged mGlu2, mGlu2, and mGlu2/3 chimeras in HEK293 cells.  

Supplementary Fig. S3. [3H]LY341495 binding displacement curves by LY379268 in frontal 
cortex membrane preparations of schizophrenic subjects and individually matched controls. 
Experiments were performed in the presence and in the absence of DOI (10 µM). Error bars 
represent S.E.M. Error bars that are not visible are smaller than the data point symbols.  

Supplementary Fig. S4. Affinity of LY379268 (Ki-high) displacing [3H]LY341495 binding in 
postmortem frontal cortex of antipsychotic-free (AP-free) and antipsychotic-treated (AP-treated) 
schizophrenic subjects, and individually matched controls. Note that, in the absence of DOI, the 
affinity of LY379268 displacing [3H]LY341495 was significantly higher in antipsychotic-free 
schizophrenic subjects compared to controls, and in antipsychotic-treated schizophrenic subjects 
compared to controls. Also note that DOI (10 µM) significantly decreased the affinity of 
LY379268 in schizophrenic subjects (antipsychotic-free and antipsychotic-treated) and in 
controls. p < 0.05; Student’s t-test. Error bars represent S.E.M.  
 



Supplementary Table S1. Demographic characteristics toxicological analysis of individual antipsychotic-free (AP-free) and antipsychotic-treated 
(AP-treated) cases of schizophrenia (Sch) and their respective controls.  

Antipsychotic-free schizophrenic subjects (n=18) and matched controls (n=18) 
Case Gender Age PMD Storage time Brain Antipsychotic Additional 

(C/Sch) (F/M) (years) (hours) (months) RIN Cause of death / Mechanism pH treatment drugs 
Sch1 M 21 24 175 8.5 Suicide/Jumping nd AP-free  
C1 M 21 30 135 6.8 Accident/Traffic nd  AMP, THC, ETH (0.24 g/l) 

Sch2 M 30 51 144 7.1 Suicide/Jumping nd AP-free  
C2 M 29 18 32 5.3 Accident/Falling from a height 6.44   

Sch3 M 29 6 79 8.4 Suicide/Asphyxia by butane nd AP-free THC 
C3 M 29 36 137 8.7 Accident/Traffic nd  ETH (1.71 g/l) 

Sch4 M 31 14 78 7.7 Suicide/Jumping nd AP-free BZD 
C4 M 32 28 78 8 Accident/Traffic 6.83  AMP, ETH (0.68 g/l) 

Sch5 M 48 20 74 8.3 Suicide/Train nd AP-free  
C5 M 47 18 94 7.8 Natural/CRF nd  BZD 

Sch6 M 31 11 65 9.2 Suicide/Hanging nd AP-free  
C6 M 31 13 51 8.2 Accident/Traffic nd  ETH (0.96 g/l) 

Sch7 M 33 14 64 7.4 Suicide/Hanging nd AP-free BZD 
C7 M 33 4 52 9.1 Accident/Traffic nd   

Sch8 M 45 3 60 9.3 Suicide/Jumping nd AP-free BZD 
C8 M 44 21 46 8.5 Accident/Traffic nd   

Sch9 M 27 24 60 3.8 Suicide/Gun nd AP-free  
C9 M 28 30 132 8.3 Accident/Traffic nd   

Sch10 F 37 58 44 7.4 Suicide/Overdose 6.2 AP-free HR, BZD 
C10 F 36 38 168 9 Homicide/Knife nd  HR, BZD, CC 

Sch11 M 46 22 35 8.2 Suicide/Jumping 6.41 AP-free BIP 
C11 M 46 24 23 8.5 Natural/Heart attack 6.48   

Sch12 F 37 23 9 8.3 Suicide/Jumping 5.76 AP-free BZD 
C12 F 38 22 6 7.6 Accident/Traffic 6.44   

Sch13 M 48 11 9 8 Suicide/Jumping 6.43 AP-free  
C13 M 49 8 3 8.8 Natural/CRF 6.2   

Sch14 M 35 5 10 8.5 Suicide/Hanging 6.2 AP-free  
C14 M 38 33 165 7.6 Accident/Traffic nd  ETH (1.62 g/l) 

Sch15 F 59 9 15 8.7 Natural/CRF 6.13 AP-free  
C15 F 58 20 136 7.2 Natural/CRF nd   

Sch16 M 45 18 19 5.4 Suicide/Jumping 6.2 AP-free  
C16 M 47 15 4 7.4 Accident/Traffic 6.15  BZD, ETH (1.55 g/l) 

Sch17 M 34 15 21 8.9 Natural/CRF 6.4 AP-free  
C17 M 36 48 15 7.7 Natural/CRF nd   

Sch18 M 52 7 26 9.1 Suicide/Jumping 6.32 AP-free BZD 
C18 M 51 13 6 8.1 Accident/Traffic 6.31  ETH (2,13 g/l) 

Group Sch 15M/3F 38±2 19±3 55±11 7.9±0.3  6.23±0.07 (n=9)  
Group C 15M/3F 39±2 23±3 71±14 7.9±0.2  6.41±0.09 (n=7)  

 



Supplementary Table S2 (continuation).  

Antipsychotic-treated schizophrenic subjects (n=9) and matched controls (n=9) 
Case Gender Age PMD Storage time Brain Antipsychotic Additional 

(C/Sch) (F/M) (years) (hours) (months) 
RIN Cause of death / Mechanism 

pH treatment drugs 
Sch19 M 44 7 84 8.2 Natural/CRF 6.72 CLT, LVZ BZD, BIP 
C19 M 44 23 4 7.9 Accident/Traffic 6.45   

Sch20 M 30 18 81 4.9 Suicide/Jumping 6.98 OLZ  
C20 M 30 11 82 8 Accident/Electrocution 7.09  THC 

Sch21 M 32 8 77 7.4 Suicide/Hanging 7.01 QTP BZD, PAR 
C21 M 32 20 135 6.7 Accident/Crushing nd  ATR, LDC, ETH (2.37 g/l) 

Sch22 M 23 16 72 9.1 Suicide/Jumping nd SLP  
C22 M 23 17 45 7.1 Accident/Electrocution nd   

Sch23 M 35 3 72 9.2 Suicide/Jumping 7.06 QTP BZD 
C23 M 36 23 4 8.2 Accident/Crushing 6.42   

Sch24 F 30 28 66 2.9 Suicide/Overdose nd HLP BZD, PROC, MET, LDC, 
MPV 

C24 F 29 31 171 9 Accident/Traffic nd   
Sch25 M 35 11 24 8.6 Natural/CRF 6.01 CLZ CMI, BZD, PAR 
C25 M 36 18 94 9.2 Accident/Falling from a height nd  BNZG, ETH (1.69 g/l) 

Sch26 F 60 23 14 5.5 Natural/Peritonitis 6.29 AMSP, CLZ BZD 
C26 F 60 48 20 6.4 Natural/Cerebral hemorrhage 6.8  CMZ, PHEN, PHBT 

Sch27 M 56 12 19 4 Natural/CRF 6.4 OLZ, CLT  
C27 M 54 16 10 8.2 Accident/Falling from a height 6.5  ETH (0.58 g/l) 

Group Sch 7M/2F 38±4 14±3 57±10 6.6±0.8  6.64±0.16 (n=7)  
Group C 7M/2F 38±4 23±4 63±20 7.9±0.3  6.65±0.13 (n=5)  

AP-free and AP-treated schizophrenic subjects (n=27) and matched controls (n=27) 
Group Sch 22M/5F 38±2 17±2 55±8 7.5±0.4  6.41±0.09 (n=16)  
Group C 22M/5F 38±2 23±2 68±11 7.9±0.2  6.51±0.08 (n=12)  

Group values are means ± SEM. Drugs in blood are coded as AMP (amphetamine), AMSP (amisulpiride), AP (antipsychotic), ATR (atropine), BIP (biperiden), 
BNZG (benzoylecgonine), BZD (benzodiazepines or metabolites), CC (cocaine), CLT (clotiapine), CLZ (clozapine), CMI (clomipramine), CMZ 
(carbamazepine), CRF (cardiorespiratory failure), ETH (ethanol), HLP (haloperidol), HR (heroin), LDC (lidocaine), LVZ (levomepromazine), MET (metamizol), 
MPV (mepivacaine), nd (undetermined), OLZ (olanzapine), PAR (paracetamol), PHBT (phenobarbital), PHEN (phenytoin), PROC (procainamide), QTP 
(quetiapine), SLP (sulpiride), THC (tetrahydrocannabinol). PMD, postmortem delay; RIN, RNA integrity number.  


