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Identification of a serotonin/glutamate receptor
complex implicated in psychosis

Javier Gonzalez-Maeso'?, Rosalind L. Ang', Tony Yuen', Pokman Chan', Noelia V. Weisstaub™®,

JuanF. Lopez-Giménez®, Mingming Zhou’, Yuuya Okawa’,

Marta Filizola®, J. Javier Meana®!® & Stuart C. Sealfon'*

The psychosis associated with schizophrenia is characterized by
alterations in sensory processing and perception™’. Some anti-
psychotic drugs were identified by their high affinity for serotonin
5-HT,, receptors (2AR)**. Drugs that interact with metabotropic
glutamate receptors (mGluR) also have potential for the treatment
of schizophrenia®”. The effects of hallucinogenic drugs, such as
psilocybin and lysergic acid diethylamide, require the 2AR*"'° and
resemble some of the core symptoms of schizophrenia'®">. Here
we show that the mGluR2 interacts through specific transmem-
brane helix domains with the 2AR, a member of an unrelated
G-protein-coupled receptor family, to form functional complexes
in brain cortex. The 2AR-mGluR2 complex triggers unique
cellular responses when targeted by hallucinogenic drugs, and
activation of mGluR2 abolishes hallucinogen-specific signalling
and behavioural responses. In post-mortem human brain from
untreated schizophrenic subjects, the 2AR is upregulated and
the mGluR?2 is downregulated, a pattern that could predispose
to psychosis. These regulatory changes indicate that the 2AR—
mGluR2 complex may be involved in the altered cortical processes
of schizophrenia, and this complex is therefore a promising new
target for the treatment of psychosis.

The 2AR and mGluR2/3 show an overlapping distribution in brain
cortex in autoradiography studies'”. The mGluR2 and mGluR3 are not
distinguished by autoradiographic ligands. We used fluorescent in situ
hybridization (FISH) to determine whether either of these receptor
subtypes is co-expressed by the same neurons. In layer V. mouse soma-
tosensory cortex (SCx), cells positive for 2AR mRNA were mostly
positive for mGluR2 mRNA. The level of expression in SCx was much
lower for mGluR3 mRNA, which rarely co-localized with 2AR mRNA
(Fig. 1a). Control studies validated the sensitivity and specificity of
the assay, and similar 2AR-mGluR2 mRNA co-localization was found
in cortical primary cultures (Fig. la—c and Supplementary Fig. 1).
Translation of 2AR protein in cortical pyramidal neurons was found
to be necessary for normal mGluR2 expression. Mice with globally
disrupted 2AR expression (htr2A~'~ mice) showed reduced cortical
mGluR2 binding and expression, whereas mice in which 2AR expres-
sion had been selectively restored in cortical pyramidal neurons®"
showed expression levels equal to those in the control (Supplemen-
tary Table 1 and Supplementary Fig. 2). The effects of mGIluR2/3
activation on 2AR responses have generally been attributed to synaptic
mechanisms>*'*'>. However, the co-localization of 2AR and mGIuR2
and the decrease in mGluR2 expression levels in htr2A™’~ mice led us
to examine whether a direct mechanism contributed to cortical cross-
talk between these two receptor systems.

Luis F. Callado™'’, Graeme Milligan®, Jay A. Gingrich>®”,

Recent studies have demonstrated that some G-protein-coupled
receptors (GPCRs) belonging to the same sequence classes can form
dimers'® or, potentially, higher-order oligomers'’. Although the 2AR
and mGluR2 belong to different GPCR classes, we established the
existence of 2AR—mGluR2 heterocomplexes by several methods: co-
immunoprecipitation of human brain cortex samples (Fig. 1d) and
of HEK-293 cells transfected with epitope-tagged receptors (Fig. 2b),
bioluminescence resonance energy transfer (BRET) (Fig. le and
Supplementary Fig. 3), and fluorescence resonance energy transfer
(FRET) (Fig. 2d) studies in transfected cells.

To determine whether the formation of the 2AR-mGIuR2 com-
plex has functional consequences, we first examined, in mouse SCx
membranes, the effects of an mGluR2/3 agonist on the competition
binding of several hallucinogenic 2AR agonists (Fig. 1f, top) and
of a 2AR agonist on the competition binding of several mGluR2/3
agonists (Fig. 1f, bottom). The agonist affinities for the 2AR and
mGluR2/3 were decreased when receptor—G-protein complexes
were uncoupled by GTP-yS (Supplementary Fig. 4 and Supple-
mentary Tables 2 and 3). The glutamate agonist LY379268 increased
the affinity of all three hallucinogens studied for the 2AR-binding
site. Furthermore, the 2AR agonist DOI (1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane) decreased the affinity of the three
mGluR2/3 agonists for the glutamate-receptor-binding site. The
allosteric interactions observed were eliminated by antagonist for
each modulator (see Supplementary Tables 2 and 3 and Supplemen-
tary Fig. 4 for additional concentrations of DOI and LY379268 and
for the elimination of the allosteric effects by antagonists). Although
the glutamate agonists studied do not distinguish between the
mGluR2 and mGluR3 subtypes'®, the rarity of mGIuR3 and 2AR
mRNA co-expression in cortex, the absence of evidence for 2AR-
mGluR3 complex formation by co-immunoprecipitation, BRET and
FRET, and the detection of 2AR-mGIuR2 complexes by these same
assays all indicate that the cross-talk identified results from 2AR—
mGluR2 complexes.

The differences in the capacity of the mGluR2 and mGluR3 to
interact with the 2AR and their close sequence similarity provided
the basis for identifying the specific mGluR2 domains responsible for
heterocomplex formation. A study of a series of molecular chimaeras
of the mGIuR2 and mGluR3 (see Fig. 2a) demonstrated that the
segment containing transmembrane (TM) helices 4 and 5 of the
mGluR2 receptor was both necessary and sufficient for the formation
of a complex with the 2AR. The mGluR3 receptor chimaera contain-
ing only this segment from the mGluR2 (mGIluR3ATM4,5) was cap-
able of co-immunoprecipitating with the 2AR (Fig. 2b), mediating
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allosteric cross-talk (Fig. 2c) and maintaining close proximity with
the 2AR as indicated by FRET (Fig. 2d). In contrast, mGluR2ATM4,5
did not show evidence of complex formation with the 2AR (Fig. 2,
Supplementary Figs 5 and 6, and Supplementary Tables 4 and 5
show complete curves, analysis and evidence of membrane expres-
sion of all chimaeras). The absolute and relative levels of expression
of heterologous constructs were comparable to the physiological
levels found in mouse SCx, and in cortical primary cultures (Supple-
mentary Fig. 5 and Supplementary Table 4). Our data do not exclude
the possibility that the predicted 2AR-mGluR?2 heterodimer, a model
of which is shown in Fig. 2f, assembles into tetramers or larger recep-
tor oligomers'>*°.

The changes in high-affinity binding caused by 2AR-mGIuR2
cross-talk suggested that this complex may serve to integrate sero-
tonin and glutamate signalling and modulate G-protein coupling®**.
This hypothesis was tested by measuring the regulation of Gory;; and
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Goy proteins by 2AR. High-affinity activation of Go/1;, by the 2AR
was decreased by co-expression of mGluR2 (Fig. 2e and Supple-
mentary Table 6). The activation of Go; by the 2AR was markedly
enhanced by mGluR2 co-expression (Fig. 2e and Supplementary
Table 7). The mGluR2-dependent effects on both Gog; and Goy
regulation by the 2AR were reversed in the presence of mGluR2
agonist (Fig. 2e and Supplementary Tables 6 and 7). Consonant with
the results from co-immunoprecipitation, allosteric modulation and
FRET, the functional assays of G-protein activity also show that the
TM4-5 segment of the mGluR2, when substituted into the mGluR3,
was sufficient for signalling cross-talk to occur (Fig. 2e). These data
support the presence of functional and physiological 2AR—-mGIluR2
complexes that integrate serotonin and glutamate neurotransmission
to specify the pattern of G-protein regulation.

Similar evidence for specification of G-protein subtype regulation
was also observed for the endogenous brain 2AR-mGluR2 complex
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Figure 1| 2AR and mGIuR2 co-localize and interact. a, 2AR and mGIuR2,
but not mGIuR3, are co-expressed in cortical neurons. Top, mouse
somatosensory cortex; bottom, mouse cortical primary culture. Scale bars,
50 pm (top) and 10 pm (bottom). Nuclei are blue. Inset: co-expressing
neuron. b, FISH for mGIuR3 in thalamus. Top, mouse thalamus; bottom,
thalamic primary culture. Scale bars, 25 um (top) and 10 pm (bottom).

¢, mRNA levels measured by real-time PCR (Error bars show s.e.m.; n =6
per group). d, Specific co-immunoprecipitation of 2AR and mGluR?2 in
duplicate human frontal cortex samples (arrows). WB, western blot; IP,
immunoprecipitation. e, BRET2 shows specific 2AR and mGluR2
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interaction in HEK-293 cells. Data are means * s.e.m. (n = 3). The mGluR2/
2AR curve is fitted better by a saturation curve than by a linear regression, F
test (P < 0.001). The other co-transfection data sets show linear regressions.
f, Top, [3H]ketanserin displacement curves in mouse SCx membranes. 2AR
agonist affinities were higher in the presence of the mGluR2/3 agonist
LY379268 at 10 M (red) than in vehicle alone (black). [PH]LY341495
displacement curves (bottom panels). mGluR2/3 agonist affinities were
lower in the presence of the 2AR agonist DOI at 10 uM (red) than in vehicle
alone (black). DCG-IV, (2S,2'R,3'R)-2-(2’,3'-dicarboxycyclopropyl)-
glycine; L-CCG-], (25,1'S,2'S)-2-(carboxycyclopropyl)-glycine.
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with membranes from cortical primary cultures (Fig. 3a). The pat-
tern of G-protein regulation in cortical pyramidal neurons has been
shown to predict specific behavioural responses to 2AR agonists.
Hallucinogenic drugs and non-hallucinogenic drugs activate the
same population of 2ARs in cortical pyramidal neurons but differ
in the 2AR-dependent pattern of G-protein regulation and gene
induction that they elicit®’. In brain cortical neurons, the signalling
elicited by hallucinogenic and non-hallucinogenic 2AR agonists
causes the induction of c-fos and requires G/;,-dependent activation
of phospholipase C. However, the signalling of hallucinogens such as
DOI and lysergic acid diethylamide (LSD) acting at the 2AR also
induces egr-2, which is G;/,-dependent. Thus, c-fos expression results
from any 2AR signalling, and egr-2 induction is a specific marker
for hallucinogen signalling through the 2AR®*°. The finding that
mGluR2 modulates the coupling of the 2AR to G; (Fig. 3a and
Supplementary Tables 6 and 7) indicated that this complex might
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be important for hallucinogen signalling. The induction of c-fos
by hallucinogenic 2AR agonists or by structurally similar non-
hallucinogenic 2AR agonists in vivo in mouse SCx and in cortical
primary cultures (Fig. 3b and Supplementary Figs 8-10) was
not affected by the mGluR2/3 agonist LY379268. In contrast, the
hallucinogen-specific induction of egr-2 was selectively blocked
by LY379268 in both mouse cortex in vivo and in primary cortical
cultures (Fig. 3b and Supplementary Figs 8-10 show FISH results
with LSD treatment, and real-time PCR gene assay results with
DOI, DOM (1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane),
DOB (1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane), LSD,
lisuride hydrogen maleate and ergotamine). We also studied the
effects of LY379268 on the head-twitch response behaviour, which
is hallucinogen-specific*®. In a similar manner to its effects on
G-protein activation and gene induction, the glutamate agonist
LY379268 suppressed the induction of the head-twitch response by
either DOI or LSD (Supplementary Fig. 11). These results suggest
that LY379268 acts at the 2AR-mGluR2 complex to reduce the
hallucinogen-specific Gj, signalling and behaviour. To establish
further the functional relevance of 2AR-mGIuR2 cross-talk, we
compared the responses to the mGluR2/3 antagonist LY341494 in
htr2A*"* and htr2A™' mice. The locomotor and vertical activities
elicited by LY341495 were significantly attenuated in the htr2A™'~
mice (Fig. 3c), supporting the functional relevance of the 2AR—
mGluR2 complex in vivo and suggesting that it also influences the
endogenous response to glutamate.

The findings that G;,, regulation, which is necessary for the effects
of hallucinogens?®, is enhanced by the formation of the 2AR-mGluR2
complex and that activation of the mGluR2 component suppresses
hallucinogen-specific signalling implicate this complex in the effects
of hallucinogens. The neuropsychological effects of hallucinogenic
drugs present commonalities with the psychosis of schizophrenia,
and both conditions are accompanied by disruptions of cortical
sensory processing'®™'"">>?7. We investigated whether the components
of the 2AR-mGlIuR2 signalling complex are dysregulated in the
brain cortex of subjects with schizophrenia. We determined the den-
sity of binding sites for 2AR and for mGluR2/3 in cortex from schizo-
phrenic subjects and in controls who were matched by gender, age
and post-mortem delay (Supplementary Tables 8 and 9). The recep-
tor densities in cortical membranes from untreated schizophrenic
subjects were significantly altered, showing increased 2AR levels
and decreased mGluR2/3 levels (Fig. 4a, b). mRNA assays showed
that expression of mGIuR2 but not mGIuR3 was decreased in cortex
from schizophrenic subjects (Fig. 4e). The studies in mouse show that

Figure 2 | mGIuR2 transmembrane domains 4/5 mediate association with
2AR. a, mGluR2/mGluR3 chimaeras studied. b, c-Myc-2AR and
haemagglutinin (HA)-mGluR2/mGluR3 chimaera co-immunoprecipitations.
Cells separately expressing each construct were also mixed. WB, western
blot; IP, immunoprecipitation. ¢, 2AR competition binding in cells stably
expressing the 2AR and transfected with mGluR2/mGluR3 chimaeras. Error
bars show s.e.m. (n = 4). d, FRET in cells expressing 2AR tagged with
enhanced cyan fluorescent protein (eCFP) and either mGluR2, mGluR3 or
mGIuR3ATM4,5 chimaera, all tagged with enhanced yellow fluorescent
protein (eYFP). Pseudocolour images represent normalized values (FRETY).
Numbers of samples: eCFP + eYFP, n = 19; 2AR—eCFP + mGluR2—-eYFP,
n = 43; 2AR—-eCFP + mGluR3—-eYFP, n = 31; 2AR—eCFP +
mGIluR3ATM4,5-eYFP, n = 27. Two asterisks, P < 0.01; analysis of variance
with Dunnett’s post hoc test. n.s., not significant. Error bars show s.e.m.

e, DOI-stimulated [**S]GTP-vS binding in membranes followed by
immunoprecipitation with anti-Go.yq; (top) or anti-Ga;; 5 3 (bottom). Cells
stably expressing 2AR were transfected with mGluR2, mGluR3 or
mGIuR3ATM4,5. The potency of DOI activating Goy; » 3 was significantly
increased when the 2AR was co-expressed with either mGluR2 or
mGIuR3ATM4,5, an effect abolished by 10 uM LY379268 (LY379)

(P < 0.001 by F test). Data are means * s.e.m. for three experiments
performed in triplicate. f, Ribbon backbone representation of the
transmembrane helices of the 2AR-mGluR2 heteromer model, seen from
the intracellular face.
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activation of the mGIuR2 component of the 2AR-mGluR2 complex
eliminates the hallucinogen-specific component of the signalling
responses to LSD-like drugs. Thus, the increased 2AR and decreased
mGluR2 found in the brain in schizophrenia may predispose to a
hallucinogenic pattern of signalling.

Many laboratories have attempted to determine the density of 2AR
in post-mortem brain from subjects with schizophrenia, and some
studies have reported decreased or unchanged 2AR densities®. To try
to understand the basis for these discrepancies from our results, we
first studied the effects of chronic antipsychotic treatment on the 2AR
and mGlIuR2 in mouse. The chronic atypical antipsychotic clozapine
specifically downregulated the level of expression of 2AR and of
mGluR2 in mouse SCx (Supplementary Fig. 12). The downregulation
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Figure 3 | 2AR-mGIuR2 complex-dependent modulation of cellular and
behavioural responses. a, DOI-stimulated [*>S]GTP-vS binding in primary
culture membranes followed by immunoprecipitation with anti-Go,g/1,
antibodies (left) or anti-Goy; » 5 antibodies (right). DOI G, » 5 activation
potency was significantly decreased by 10 pM LY 379268 (red) compared with
vehicle alone (black). Data are mean = s.e.m. for three experiments
performed in triplicate. b, FISH in mice injected with vehicle or 2 mgkg ™"
DOI 15 min after injection with vehicle or 15 mgkg ™' LY379268 (left), and in
primary cultures treated with 10 uM DOI 15 min after being pretreated with
vehicle or 10 uM LY379268 (right). Nuclei are blue. Scale bars, 50 pm (left)
and 10 um (right). ¢, Distance and vertical activity induced in htr2A """ and
htr2A~'~ mice by the mGluR2/3 antagonist LY341495 (LY34) at 6 mgkg ™'
In htr2A™'" mice, the effect of LY341495 on distance was decreased

(P < 0.05; Bonferroni’s post hoc test of two-factor analysis of variance), and
its effect on vertical activity was absent (n = 30-32). Error bars show s.e.m.
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of mGluR2 by clozapine required expression of the 2AR, because it did
not occur in htr2A”'~ mice (Supplementary Fig. 12) and was not
induced by the chronic typical antipsychotic haloperidol (Supple-
mentary Fig. 13). In concordance with the effects of clozapine in
murine models, the density of 2AR was reduced to control levels
in postmortem human brain cortex of schizophrenics treated with
atypical antipsychotic drugs (Fig. 4c), and the mGluR2/3-binding
sites were also downregulated (Fig. 4d). The onset of psychosis
in schizophrenia usually occurs in later adolescence or early adult-
hood'. We studied the relationship of receptor densities with ageing:
both [*H]ketanserin and [*H]LY341495 binding showed a highly
significant negative correlation with age (Supplementary Fig. 14).
Hallucinations and delusions typically attenuate with ageing®, which
correlates with the lower density of the components of the 2AR—
mGluR2 complex that we observed in older subjects. Consequently,
the marked dysregulation of both 2AR and mGluR2 expression in
schizophrenia would be unlikely to be observed in samples from
heterogeneous groups including treated patients” or in studies
including older patients***°.

These studies identify the 2AR-mGIuR2 complex as a possible
site of action of hallucinogenic drugs. The glutamate and serotonin
systems have both been implicated in psychotic disorders, and the
components of this complex are found to be differentially regulated
in cortex from individuals with schizophrenia. Our results are con-
sistent with the hypothesis that the 2AR-mGluR2 complex integrates
serotonin and glutamate signalling to regulate the sensory gating
functions of the cortex, a process that is disrupted in psychosis.
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Figure 4 | 2AR is increased and mGIuR2 is decreased in schizophrenia.
a, b, Frontal cortex membrane receptor binding assays from untreated
schizophrenic subjects (red; # = 13) and matched control subjects (black;
n = 13). In schizophrenia, [*H]ketanserin binding (a) was higher and
[PH]LY341495 binding (b) was lower (P < 0.05; Student’s t-test). Error bars
show s.e.m. ¢, d, Receptor binding in antipsychotic-treated schizophrenic
subjects (blue; n = 12) and matched control subjects (black; n=12). In
treated schizophrenia, [*H]ketanserin binding (c) was unaffected and
[*H]LY341495 binding (d) was lower (P < 0.05). Error bars show s.e.m.
e, mGluR2 mRNA expression is decreased in untreated schizophrenic
subjects (n = 7) compared with matched control subjects (n = 7; asterisk,
P < 0.05; error bars show s.e.m.).
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METHODS SUMMARY

All reagents were purchased from commercial vendors except for LY379268 (Eli
Lilly and Co.). Mouse lines, treatment protocols, behavioural studies, dissec-
tions, and primary neuronal cultures, approved by Institutional Use and Care
Committees, have been described previously®®. Protocols used for FISH?, bind-
ing assays®, real-time PCR®, FRET" and co-immunoprecipitation'” were per-
formed as described previously or with minor modifications. Epitope-tagged,
BRET2, FRET and chimaera receptor constructs were generated by using stand-
ard cloning techniques and were confirmed by sequencing. BRET2 using Renilla
luciferase and green fluorescent protein (GFP2) was performed in HEK-293 cells.
Matched schizophrenia and control human brains were obtained from autopsies
performed in the Basque Institute of Legal Medicine, Bilbao, Spain, in compli-
ance with policies of research and ethical review boards for post-mortem brain
studies.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Materials and drug administration. DOI, DOM, DOB, LSD and lisuride hydro-
gen maleate were purchased from Sigma-Aldrich. (1R,4R,5S,6R)-4-Amino-2-
oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268) was obtained from
Eli Lilly and Co. 25-2-amino-2-(1§,25-2-carboxycyclopropan-1-yl)-3-(xanth-9-
yl)-propionic acid (LY341495), (2S,2'R,3'R)-2-(2',3"-dicarboxycyclopropyl)-
glycine (DCG-1V), (28,1'S,2'S)-2-(carboxycyclopropyl)-glycine (L-CCG-I),
clozapine and haloperidol were obtained from Tocris Cookson Inc.
[’H|Ketanserin and [*>S]|GTP-yS were purchased from PerkinElmer.
[PH]LY341495 was purchased from American Radiolabelled Chemicals, Inc.
The injected doses (intraperitoneal) were: DOL, 2mgkg™'; DOM, 4mgkg ™
DOB, 1 mgkg™'; LSD, 0.24 mgkg™'; lisuride hydrogen maleate, 0.4 mgkg™";
ergotamine, 0.5mgkg™'; LY379268, 15 mgkg™'; LY341495, 6 mgkg™'; cloza-
pine, 25 mg kgfl; and haloperidol, 1 mg kgfl, unless otherwise indicated.
Transient transfection of HEK-293 cells. HEK-293 cells were maintained
in DMEM medium supplemented with 10% (v/v) fetal bovine serum at 37 °C
in a humidified 5% CO, atmosphere. Transfection was performed with
Lipofectamine 2000 reagent (Invitrogen) in accordance with the manufacturer’s
instructions. HEK-293 cells stably expressing human 2AR have been described
previously™'.

Co-immunoprecipitation studies. Co-immunoprecipitation studies in post-
mortem human brain, and co-immunoprecipitation studies using an
N-terminally c-Myc-tagged form of 2AR, and N-terminally haemagglutinin
(HA)-tagged forms of mGluR2, mGluR3 or mGluR2/mGluR3 chimaeras in
HEK-293 cells were performed as described previously, with minor modifica-
tions". In brief, the samples were incubated overnight with protein A/G beads
and anti-2AR (post-mortem human brain) or anti-c-Myc antibody (HEK-293
cells) at 4 °C on a rotating wheel. Equal amounts of proteins were resolved by
SDS-PAGE. Detection of proteins by immunoblotting with anti-2AR (Santa
Cruz Biotechnology), anti-mGluR2 and anti-mGluR3 (Abcam Inc.) in post-
mortem human brain, or anti-c-Myc and anti-HA antibodies (Santa Cruz
Biotechnology) in HEK-293 cells was conducted with an enhanced chemilumin-
escence system in accordance with the manufacturer’s recommendations.
Bioluminescence resonance energy transfer (BRET2) in HEK-293 live cells.
The human 2AR, serotonin 5-HT,¢ (2CR), mGluR2 and mGluR3 receptors with
mutated stop codons were subcloned into the pRluc and pGFP? plasmids
(PerkinElmer), such that Renilla luciferase (Rluc) and green fluorescent protein
(GFP2) were present at the carboxy termini of the receptors. All sequences were
confirmed by DNA sequencing. After 48 h, transfected cells were washed with
PBS, suspended to (1-2) X 10° cellsml™' and were treated with DeepBlueC
Coelenterazine Substrate (5 pM final concentration; PerkinElmer ). Equivalent
amounts of total DNA composed of various ratios of the Rluc- or GFP2-tagged
receptors were transfected®. Light emission was monitored with a Fusion
Universal Microplate Analyser (PerkinElmer). A BRET2 signal is defined as
the light emitted by GFP2 at 515nm in response to the light emitted at
410nm by Rluc on catalysis of DeepBlueC. The values were corrected by sub-
tracting the background BRET2 signal detected when the receptor—Rluc con-
struct was expressed alone (see Supplementary Fig. 3 for luminescence and
fluorescence values). The specificities of mGluR2—Rluc and 2AR-GFP2 interac-
tions were assessed by comparison with co-expression of mGluR2—Rluc and
2CR-GFP2, mGluR3-Rluc and 2AR-GFP2 and mGluR2-Rluc and GFP2.
Data from a single experiment, which was replicated three times, are shown as
means * s.e.m. (Fig. le).

FRET. Forms of the 2AR and mGIuR2 C-terminally fused to eCFP and eYFP
were generated, and FRET microscopy in living cells was conducted as reported
previously'’. Results from a single experiment, representative of two or three
independent studies, are shown in Fig. 2d.

[*H]Ketanserin, [*’H]LY341495 and [3SS]GTP-yS binding. Membrane prepara-
tions and [*H]ketanserin binding assays were performed as reported previously®.
[PH]LY341495 binding was performed as described previously, with minor
modifications'®. In brief, membrane preparations were incubated for 60 min at
4 °C. Non-specific binding was determined in the presence of 1 mM L-glutamate.
[*°S]GTP-yS binding experiments were initiated by the addition of membranes
containing 35 ug of protein to an assay buffer (20 mM HEPES, 3 mM MgCl,
100 mM NaCl, 0.2 mM ascorbic acid and 0.5nM [**S]GTP-vS) supplemented
with 0.1 uM or 10 uM GDP for Gy and G, respectively, and containing the
indicated concentration of ligands. Non-specific binding was determined in the
presence of 100 pM GTP-vS. Reactions were incubated for 30 min at 30 °C, and
were terminated by the addition of 0.5 ml of ice-cold buffer, containing 20 mM
HEPES, 3 mM MgCl,, 100 mM NaCl and 0.2 mM ascorbic acid. The samples
were centrifuged at 16,000¢ for 15 min at 4 °C, and the resulting pellets were
resuspended in solubilization buffer (100 mM Tris, 200 mM NaCl, I mM EDTA,
1.25% Nonidet P40) plus 0.2% SDS. Samples were precleared with Pansorbin

nature

(Calbiochem), followed by immunoprecipitation with antibody against Goty/1,
or Goyp,5 (Santa Cruz Biotechnology). Finally, the immunocomplexes were
washed twice with solubilization buffer, and bound [**S]GTP-vS was measured
by liquid-scintillation spectrometry.

Construction of receptor chimaeras. All PCR reactions were performed with
PfuTurbo Hotstart DNA polymerase (Stratagene). Cycling conditions were 30
cycles of 94 °C for 30's, 55 °C for 30 s and 72 °C for 1 min per kilobase of ampli-
con, with an initial denaturation/activation of 94 °C for 2 min and a final exten-
sion of 72 °C for 7 min.

HA-tagged wild-type human mGluR2 and mGluR3 constructs: the rat
mGluR5 signal peptide (SP)** along with an HA epitope tag was amplified by
PCR with primers Nhel-HA_SP/S (5'-TTTTgctagcGAATTCCTTTCCTAAA-
ATGG-3") and HA_SP-Kpnl/A (5'-TTTTggtaccACGCGTGGCGTAGTCGG-
GTA-3") with pRK5 as template. Wild-type human mGluR2 and mGluR3 were
amplified with primers Mlul-hGRM2/S (5'-agctacgcgtAAGAAGGTGCTGA-
CCCTGGA-3") hGRM2-Xbal/A (5'-AAtctagaTCAAAGCGATGACGTTGTCG-
AG-3") and KpnI-hGRM3/S (5'-acgtggtaccTTAGGGGACCATAACTTTCT-3")
hGRM3-Xhol/A (5"-acgtctcgagTCACAGAGATGAGGTGGTGG-3"), respec-
tively. The rat mGluR5 signal peptide/HA epitope fragment was digested with
Nhel and Mlul, the human mGluR2 fragment was digested with Mlul and Xbal
and were simultaneously subcloned into the Nhel and Xbal sites of pcDNA3.1
(Invitrogen) to yield the HA-tagged mGluR2 construct. Similarly, the rat
mGluR5 signal peptide/HA fragment was digested with Nhel and Kpnl, the
human mGluR2 PCR product was digested with Kpnl and Xhol, and they were
subcloned simultaneously into the Nhel and Xhol sites of pcDNA3.1 to give the
HA-tagged mGluR2 construct.

Chimaeric human mGluR2 with transmembrane domain 4 and 5 from human
mGluR3: a fragment of the transmembrane domain TM1 to the C terminus of
the second intracellular loop of the human mGIuR2 was amplified with primers
hGRM2-1476/S (5'-GGACACCAGCCTCATCCCAT-3") and hGRM2i2GRM3-
TM4/A (5'-CAGATGAAAACCTGAGAACTAGGACTGATGAAGCGTGGCC-
3'). A fragment of the TM4 to TM5 of the human mGluR3 was amplified with
primers hGRM2i2GRM3TM4/S (5'-GGCCACGCTTCATCAGTCCTAGTTC-
TCAGGTTTTCATCTG-3") and hGRM3TM5GRM2i3/A (5'-TTTTCGGGGC-
ACTTGCGAGTTTTGAAGGCGTACACAGTGC-3"). The two fragments were
annealed and reamplified with primers hGRM2-1476/S and hGRM3TMS5-
GRM2i3/A. The third intracellular loop to the C terminus of the human
mGluR2 was amplified with primers hGRM3TM5GRM2i3/S (5'-GCACTGTG-
TACGCCTTCAAAACTCGCAAGTGCCCCGAAAA-3") and hGRM2-Xbal/A.
This fragment was then annealed with the previous PCR product and reamplified
with primers hGRM2-1476/S and hGRM2-Xbal/A. To reconstitute the complete
chimaeric receptor, the N-terminal domain of the HA-tagged wild-type human
mGluR2 was released with Nhel and BstBI, the final PCR product was digested
with BstBI and Xbal, and the two fragments were simultaneously subcloned into
the Nhel and Xbal sites of pcDNA3.1.

Chimaeric human mGluR3 with transmembrane domain 4 and 5 from human
mGluR2: a fragment of the transmembrane domain TM1 to the C terminus of
the second intracellular loop of the human mGluR3 was amplified with primers
hGRM3-2541/S (5'-TGAAAGTTGGTCACTGGGCA-3") and hGRM3i2GRM2-
TM4/A (5'-CAGATGGCCACCTGTGAGGCGGGGCTGATGAATTTTGGCC-
3"). A fragment of the TM4 to TM5 of the human mGluR2 was amplified with
primers hGRM3i2GRM2TM4/S (5'-GGCCAAAATTCATCAGCCCCGCCTC-
ACAGGTGGCCATCTG-3") and hGRM2TM5GRM3i3/A (5'-TTTTCTGGGC-
ACTTCCGCGTCTTGAAGGCATAAAGCGTGC-3"). The two fragments were
annealed and reamplified with primers hGRM3-2541/S and hGRM2TM5-
GRM3i3/A. The third intracellular loop to the C terminus of the human
mGluR3 was amplified with primers hGRM2TM5GRM3i3/S (5'-GCACGC-
TTTATGCCTTCAAGACGCGGAAGTGCCCAGAAAA-3") and hGRM3-Xhol/
A. This fragment was then annealed with the previous PCR product and ream-
plified with primers hGRM3-2541/S and hGRM3-Xhol/A. To reconstitute the
complete chimaeric receptor, the N-terminal domain of the HA-tagged wild-
type human mGluR3 was released with Nhel and Pstl, the final PCR product was
digested with PstI and Xhol, and the two fragments were simultaneously sub-
cloned into the Nhel and Xhol sites of pcDNA3.1.

Chimaeric human mGluR3 with transmembrane domains 1 to 5 from human
mGluR2: a small fragment of the N-terminal domain to the beginning of TM1 of
the human mGluR3 was amplified with primers hGRM3-2541/S and hGRM3-
NGRM2TMI1/A  (5'-ACAGCCCAGGCATCGCCCCAGCGGATGTAGTCCT-
CAGGAAGGT-3"). A fragment of the TM1 to TM5 of the human mGluR2
was amplified with primers hGRM3NGRM2TM1/S (5'-ACCTTCCTGAG-
GACTACATCCGCTGGGGCGATGCCTGGGCTGT-3') and hGRM2TM5-
GRM3i3/A. The two fragments were annealed and reamplified with primers
hGRM3-2541/S and hGRM2TM5GRM3i3/A. The third intracellular loop to
the C terminus of the human mGluR3 was amplified with primers
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hGRM2TM5GRM3i3/S and hGRM3-Xhol/A. This fragment was then annealed
with the previous PCR product and reamplified with primers hGRM3-2541/S
and hGRM3-Xhol/A. To reconstitute the complete chimaeric receptor, the
N-terminal domain of the HA-tagged wild-type human mGluR3 was released
with Nhel and Psfl, the final PCR product was digested with PstI and Xhol, and
the two fragments were simultaneously subcloned into the Nhel and Xhol sites of
pcDNA3.1.

Molecular modelling. Three-dimensional molecular models of the seven TM
regions of 2AR and mGluR2 were built by using the crystal structures of f,-
adrenergic receptor’* and rhodopsin™, respectively, as structural templates, and
the latest version of the homology-modelling program MODELLER?. The use of
the very recent crystal structure of (3,-adrenergic receptor to build a model of
2AR s justified by the higher sequence identity between these two receptors than
to rhodopsin; in addition, the suitability of the rhodopsin template to build
models of family C GPCRs, which includes the mGluR2, has recently been
discussed”. The sequence alignment between the transmembrane helices of
fB,-adrenergic receptor and 2AR was obtained with BLAST**. For mGluR2 we
used the same alignment with rhodopsin as described in ref. 37. A multiple
alignment of available mGluR2 and mGluR3 sequences was performed with
the CLUSTALW program, version 1.81 (ref. 39). Supplementary Fig. 7 shows
the details of these sequence alignments in the transmembrane regions. To build
a reasonable configuration of the 2AR-mGluR2, we used the TM4,5-TM4,5
configuration deriving from atomic force microscopy of rhodopsin in native
disc membranes* as a template for the heteromer interface between 2AR and
mGluR2. This modelling was obtained with the assistance of the Insight II User
Graphical Interface (Accelrys Inc.) on a graphics workstation.

Neuronal primary culture. Primary cultures of cortical and thalamic neurons
were prepared as described previously®.

Mouse brain samples. Experiments were performed as described previously®.
FISH. Synthesis of modified DNA oligonucleotide probes, probe labelling and
FISH were performed as described previously**'. See Supplementary Table 10 for
oligonucleotide probe sequences.

Quantitative real-time PCR. Quantitative real-time PCR experiments were
performed as described previously®. See Supplementary Tables 11 and 12 for
primer pair sequences.

Behavioural studies. Behavioural studies were performed as described pre-
viously®'*. Motor function was assessed with a computerized three-dimensional
activity monitoring system (AccuScan Instruments). The activity monitor has 32
infrared sensor pairs, with 16 along each side spaced 2.5 cm apart. The system
determines motor activity on the basis of the frequency of interruptions to
infrared beams traversing the x, y and z planes. Total distance (cm) travelled
and vertical activity were determined automatically from the interruptions of
beams in the horizontal and vertical planes, respectively.

Brain samples. Human brains were obtained at autopsies performed in the
Forensic Anatomical Institute, Bilbao, Spain. The study was developed in com-
pliance with policies of research and ethical review boards for post-mortem brain
studies (Basque Institute of Legal Medicine, Spain). Deaths were subjected to
retrospective searching for previous medical diagnosis and treatment, using the
examiner’s information and records of hospitals and mental health centres. After
searching of ante-mortem information had been fulfilled, 25 subjects who had
met criteria of schizophrenia according to the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV)** were selected. A toxicological screening for
antipsychotics, other drugs and ethanol was performed on samples of blood,
urine, liver and gastric contents. All subjects who were drug-free before death (as
revealed by the absence of prescriptions in medical histories) also gave negative
results in the toxicological screening. The toxicological assays were performed at
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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 spectro-
metry. Controls for the present study were chosen among the collected brains
on the basis, whenever possible, of the following cumulative criteria: negative
medical information on the presence of neuropsychiatric disorders or drug
abuse; appropriate gender, age and post-mortem delay to match each subject
in the schizophrenia group; sudden and unexpected death (motor vehicle acci-
dents); and toxicological screening for psychotropic drugs with negative results
except for ethanol. Tissue pH was assumed to be an indicator of agonal status®.
Thus, prolonged terminal hypoxia resulted in low tissue pH. It has been shown
that gene expression patterns are strongly dependent on tissue pH. Rapid deaths,
associated with accidents, cardiac events or asphyxia, generally resulted in a
normal tissue pH with a minor influence on gene expression patterns*. All
schizophrenic and control subjects showed a sudden and rapid death without
a long agonal phase. The tissue storage period before assays did not differ sig-
nificantly between schizophrenic cases (82 =9 months (mean * s.e.m.)) and
controls (85 = 10 months (mean = s.e.m.)). Two independent groups of schizo-
phrenic subjects were selected depending on the presence of antipsychotics in the
toxicological screening (Supplementary Tables 8 and 9).
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