1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Signal. Author manuscript; available in PMC 2021 April 20.

-, HHS Public Access
«

Published in final edited form as:
Sci Signal. ; 13(654): . doi:10.1126/scisignal.aaw3122.

Interclass GPCR heteromerization affects localization and
trafficking

Rudy Toneattil, Jong M. Shin®, Urjita H. Shah?!, Carl R. Mayer?, Justin M. Saunders?!, Miguel
Fribourg#®, Paul T. Arsenovic?, William G. Janssen3, Stuart C. Sealfon4, Juan F. Lopez-
Giménez16, Deanna L. Benson3, Daniel E. Conway?, Javier Gonzalez-Maeso?l

1Department of Physiology and Biophysics, Virginia Commonwealth University School of
Medicine, Richmond, VA 23298, USA.

2Department of Biomedical Engineering, Virginia Commonwealth University College of
Engineering, Richmond, VA 23220, USA.

3Department Neuroscience, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA.
“Department of Neurology, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA.

STranslational Transplant Research Center, Department of Medicine, Icahn School of Medicine at
Mount Sinai, New York, NY 10029, USA.

SInstituto de Parasitologia y Biomedicina “Lépez-Neyra”, CSIC, E-18016 Granada, Spain.

Abstract

Membrane trafficking processes regulate G protein-coupled receptor (GPCR) activity. Although
class A GPCRs are capable of activating G proteins in a monomeric form, they can also potentially
assemble into functional GPCR heteromers. Here, we showed that the class A serotonin 5-HToa
receptors (5-HT,aR) affected the localization and trafficking of class C metabotropic glutamate
receptor 2 (mGIuR2) through a mechanism that required their assembly as heteromers in
mammalian cells. In the absence of agonists, 5-HT,AR was primarily localized within intracellular
compartments, and coexpression of 5-HT,aR with mGIuR2 increased the intracellular distribution
of the otherwise plasma membrane-localized mGIuR2. Agonists for either 5-HTyAR or mGIuR2
differentially affected trafficking through Rab5-positive endosomes in cells expressing each
component of the 5-HT,AR-mGIuR2 heterocomplex alone, or together. Additionally, overnight
pharmacological 5-HT,4R blockade with clozapine, but not with M100907, decreased mGIuR2
density through a mechanism that involved heteromerization between 5-HT,aR and mGIuR2.
Using TAT-tagged peptides and chimeric constructs that are unable to form the interclass 5-
HT,aR-mGIuR2 complex, we demonstrated that heteromerization was necessary for the 5-
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HT,aR-dependent effects on mGIuR2 subcellular distribution. Expression of 5-HT,aR also
augmented intracellular localization of mGIuR2 in mouse frontal cortex pyramidal neurons.
Together, our data suggest that GPCR heteromerization may itself represent a mechanism of
receptor trafficking and sorting.

INTRODUCTION

G protein-coupled receptors (GPCRs) are key membrane proteins involved in transduction of
external signal across the cellular membrane into the cytoplasm of target cells (1-3).
Although the majority of plasma membrane receptor proteins — including ion channels,
transporters and enzyme-linked receptors — mature, behave and function as dimeric or
oligomeric complexes, GPCRs have been assumed to be physiologically active as single
monomeric units that interact with heterotrimeric G proteins upon agonist binding. However,
GPCRs can also assemble as dimeric and oligomeric protein complexes (4-6) — a classic
example is the essential role for heterodimerization in the trafficking and functional
properties of the class C GABAGRg receptor (7). Thus, heterodimerization of GABAg-R1 and
GABAg-R2 subunits is a prerequisite for the formation of a functionally active GABAg
receptor as well as trafficking of GABAg-R1 from the endoplasmic reticulum to the plasma
membrane. Similar findings have been reported for other class C GPCRs, such as the
metabotropic glutamate (mGlu) receptors, in which signaling induced by orthosteric agonist
binding to the large extracellular domain necessitates a homodimeric receptor architecture
(8, 9). Nevertheless, the concept of homodimerization/nomomerization as a fundamental
feature related to class A (also known as rhodopsin-like) GPCR activity, trafficking and
localization remains a topic of debate.

Since the biochemical demonstration showing that a peptide derived from a B, adrenergic
receptor transmembrane (TM) domain prevents both receptor complex formation and
agonist-promoted stimulation of adenylyl cyclase activity (10), many groups have reported
that class A GPCRs share the capacity to exist as dimers or higher oligomers [reviewed in
(11, 12)]. Despite certain limitations and caveats of such biophysical approaches, including
bioluminescence resonance energy transfer (BRET), Forster resonance energy transfer
(FRET) and SNAP- or CLIP-tag (13, 14), these studies generally support the conclusion that
class A GPCR homomerization is fundamental in controlling both agonist-induced receptor-
G protein coupling (15, 16) and GPCR trafficking (17-21). Similarly, single molecule
imaging studies in intact cells indicate that certain class A GPCRs form stable homomers
(17, 22-24). Using similar experimental approaches, however, many others have shown
either transient interactions (25-27) or absence of class A GPCR dimerization (28-30).
Accordingly, many questions still remain open about the role of receptor complex formation
in the dynamics and behavior of GPCRs.

Receptor trafficking, which involves maturation and insertion of newly synthesized receptors
to the cell membrane (31), as well as processes related to internalization of GPCRs from the
plasmalemma followed by subsequent recycling or degradation (32-35), is critical in
controlling the net density of GPCRs at the cell surface. Hence, receptor trafficking
processes dictate the number of receptor molecules that are available for interaction with
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other signaling proteins and ligands. Ras-related GTPases of the Rab family regulate
intracellular transport processes, including fusion of vesicles and organelle motility (33, 36).
A subset of Rab proteins also controls certain types of endocytic and lysosomal pathways.
Thus, early endosomes are regulated by Rab5, whereas lysosomal sorting involves the
transfer of cargo proteins to late endosomes, which are marked Rab7.

With regards to class A GPCR complexes, effective homomerization of the aqg-
adrenoceptor has been suggested to be required for receptor maturation and surface delivery
(19, 37). Similarly, agonist occupancy of a single protomer has been reported to be sufficient
to cause internalization of the dimeric Bp-adrenergic receptor (18). Conversely, expression of
serotonin 5-HTya receptors (5-HToRs) affects the agonist-induced subcellular distribution
of y-opioid (38) and CRF4 (39) receptors in HEK293 cells. However, the extent to which
GPCR heteromerization influences GPCR sorting processes in the endocytic pathway has
been left unaddressed. In the present work, our interest was focused on the yet
underexplored role of heteromerization in GPCR trafficking, using Rab5 and Rab7 as
markers of early and late endosomes, respectively.

Class A serotonin 5-HT,aR and class C metabotropic glutamate receptor 2 receptor
(mGIuR2) are GPCRs primarily coupled to Gg11 and Gjjo proteins, respectively. These two
receptors participate in brain processes such as perception, cognition and sensorimotor
gating, and have been implicated in psychiatric conditions such as schizophrenia, depression
and alcoholism [reviewed in (40-42)]. Our previous findings (43-47), along with other
studies (48-51), suggest that 5-HT,4R and mGIuR2 can form heteromeric complexes in
living mammalian cells and ex vivo in rodent models. This molecular proximity, however,
has not been observed in cells coexpressing 5-HToAR and mGIuR3 (43-47). For the most
part, GPCRs are primarily localized at the plasma membrane, particularly in cells not
exposed to an agonist. However, certain GPCRs, including 5-HT,aR, dopamine D (52), 6-
opioid (53) and GPRC6A (54) receptors, have a substantial intracellular presence. Thus,
visualization of individual living cells shows that, at steady state, the bulk of 5-HToaRS is
present in punctate, intracellular vesicles (38, 39, 47, 55). Using electron microscopy
approaches, the 5-HT,aR also shows this intracellular localization in brain regions such as
the frontal cortex and the ventral tegmental area (45, 56-59). During the course of our
previous studies, we empirically showed that the mGIuR2 alone is efficiently expressed on
the cell surface, and that this archetypal localization of mGIuR2 was affected by the
presence of 5-HTaR (43, 45, 47). In the present study, we aimed to elucidate whether
heteromerization underlies the mechanism responsible for the effect of 5-HToAR expression
on mGIluR2’s subcellular redistribution.

5-HT,aR affects subcellular distribution of mGIuR2

To validate previous findings showing an elevated intracellular localization of the 5-HT,aR,
we imaged HEK?293 cells expressing 5-HT,aR tagged at the C-terminus with mCitrine (5-
HT,aR-mCitrine). As shown before (47, 60), the mCitrine signal was localized mostly in
intracellular vesicles (Fig. 1A). To test whether this intracellular localization was due to a
direct effect of the C-terminally tagged mCitrine on receptor trafficking, we also imaged
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cells expressing 5-HT,aR tagged at the N-terminus with c-Myc. Similar to 5-HToaR-
mCitrine, c-Myc-5-HT,aR construct was primarily located intracellularly (Fig. 1B).

We next asked whether cotransfection of the 5-HToaR and mGIuR2 constructs affected the
pattern of expression of these two receptors. In contrast with the subcellular localization
observed in HEK293 cells transfected with the mGluR2-mCitrine construct alone (Fig. 1C,
coexpression of 5-HTo,AR-mCherry affected the subcellular distribution of mGIluR2-
mCitrine (Figs. 1, D and E), which led to a high level of colocalization of mGluR2-mCitrine
and 5-HT,aR-mCherry in intracellular vesicles (fig. S1A).

Intracellular localization of the 5-HT,AR-mGIuR2 complex

To evaluate whether a direct physical interaction between 5-HT,aR and mGIuR2 is
observable in intracellular vesicles, we used bimolecular fluorescence complementation
(BiFC) as a biophysical technique that allows visualization of protein complexes in
transfected mammalian cells (61). BiFC signal was detected in cells cotransfected with 5-
HT,aR fused to either the N-terminal 172 amino acid fragment or the C-terminal 67 amino
acid fragment of mCitrine (mCi-N172 and mCi-C67, respectively) (Fig. 1F), which further
corroborates the capability of 5-HToaR to form a class A GPCR homomer (47, 62-64).
Additionally, BiFC signal in cells coexpressing 5-HTo4R-mCi-N172 and 5-HT,aR-mCi-
C67 was observed intracellularly (Fig. 1F), whereas BiFC signal in cells coexpressing
mMGIuR2-mCi-N172 and mGIluR2-mCi-C67 was mostly detected at the plasma membrane
(Fig. 1F). This pattern of BiFC signal was redistributed in cells coexpressing 5-HT,aR-mCi-
N172 and mGIluR2-mCi-C67 (Fig. 1F), which suggests that physical interaction between 5-
HT,aR and mGIuR2 can be detected both at the cell surface as well as intracellularly.
Internal controls to validate specificity of this BiFC signal included cotransfection of mCi-
N172 and mCi-C67 (fig. S2A), as well as mCi-C67 and 5-HT,aR-mCi-N172, or mCi-C67
and mGIluR2-mCi-N172 (fig. S2B).

Effect of 5-HT,aR on subcellular localization of mGIuR2 requires GPCR heteromerization

The Flp-In T-REx system allows expression of the inserted construct into the cell genome
through Flp-In recombinase-mediated DNA recombination at the Flp recombination target
(FRT) site, which can be controlled by the incorporation of the small molecule doxycycline
(DOX) to the cell culture medium (65). This stable cell line model has previously been used
to study receptor pharmacology, trafficking and oligomerization (22, 38). Here we used Flp-
In T-REx HEK?293 cells to further explore the effect of 5-HT,R on subcellular localization
of mGIuR2.

By using mGIuR3 as well as an mGluR2/mGIuR3 chimeric construct that does not form a
GPCR heteromer with 5-HTo4R, we devised an experimental system to test whether
heteromerization was required to affect subcellular localization of mGIuR2. We selected the
mMGIuR2/mGIuR3 chimeric construct mGIuR2ATM4 because, according to our previous
findings, substitution of residues A677440, A681444 and A685*48 in mGIuR2 for $68644°,
F690%44 and G694448 in mGIuR3 decreases heteromeric assembly (45). The c-Myc-5-
HT,AR-eCFP construct was inserted into the appropriate locus of the Flp-In expression
system, and pools of positive Flp-In T-REx HEK293 cells were selected. No visible
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expression of the eCFP-tagged construct was observed in the absence of DOX (fig. S3A).
However, presence of DOX resulted in expression of the integrated construct as monitored
by fluorescence corresponding to eCFP (fig. S3B) and immunoblotting with anti-c-Myc
antibody (fig. S3C). Induction of expression of c-Myc-5-HT,AR-eCFP was concentration-
and time-dependent, reaching maximal levels within 30 — 40 h upon DOX (1 ug/ml)
administration (figs. S3, B and C). Additionally, as shown above in HEK293 cells transiently
transfected with the 5-HT,aR construct, visualization of living Flp-In T-REx HEK293 cells
corroborated that the bulk of c-Myc-5-HT,AR-eCFP was located intracellularly (fig. S3B).

To explore whether the effect of 5-HT,AR on intracellular localization of mGIuR2 required
GPCR heteromerization, cells exhibiting DOX-inducible expression of 5-HT,AR-eCFP were
transfected with various eYFP-tagged mGIuR constructs and individual clones with eYFP
signal were selected. In the absence of DOX, mGIluR2-eYFP was largely at the cell surface
(Fig. 2A). However, DOX-induced expression of 5-HT,5R-eCFP increased the intracellular
localization of mGIluR2-eYFP (Fig. 2A), an effect that was not observed in cells stably
expressing either mGIuR3-eYFP (Fig. 2B) or mGIuR2ATM4-eYFP (Figs. 2C). Compared to
mGIuR2-eYFP, both mGIluR3-eYFP and mGIUR2ATM4-eYFP showed a higher degree of
intracellular localization, yet both quantitative evaluation (Fig. 2D and fig. S4a) and
representative line scans (Figs. 2, E to G) demonstrated significantly less subcellular
proximity between 5-HT,aR-eCFP and mGIluR3-eYFP or mGIUR2ATM4-eYFP, as
compared to the high degree of overlap between 5-HT,AR-eCFP and mGIuR2-eYFP.
Subcellular distribution of the Gj/, protein-coupled p-opioid receptor, which is a plasma
membrane-localized GPCR (38), was not affected by DOX-induced expression of 5-HTaR-
eCFP (Figs. 2, Hand I).

Radioligand binding assays with the 5-HT,4R antagonist [3H]ketanserin confirmed that the
addition of DOX resulted in 5-HTo5R-eCFP expression in cells stably expressing mGIluR2-
eYFP, mGIluR3-eYFP or mGIuR2ATM4-eYFP (figs. S5, A to C, and Table S1). Using the
mGIuR2/3 antagonist [3H]LY 341495, we also demonstrated that DOX-induced expression
of 5-HT,AR-eCFP led to a statistically significant increase in mGluR2-eYFP density, an
effect that was not observed in cells stably expressing mGIluR3-eYFP or mGIuR2ATM4-
eYFP (figs. S5, D to F, and Table S1). This effect of DOX-induced 5-HT,5R-eCFP
expression on augmentation of mGIluR2-eYFP density was corroborated by fluorescence
flow cytometry assays (figs. S5, G and H).

We next assayed the effect of the mGIluR2/3 agonist LY 379268 on stimulation of
[35S]GTP+S binding as a functional readout of receptor-Gj, protein coupling. DOX-induced
expression of 5-HT,aR-eCFP reduced the ability of LY379268 to increase [3°S]GTPyS
binding in cells stably expressing mGluR2-eYFP (Fig. 2J), an allosteric event that was
absent in cells stably expressing mGIuUR2ATM4-eYFP (Fig. 2K). As anticipated, LY 379268
augmented G protein-dependent signaling in DOX(-) cells stably expressing mGIluR2-e YFP,
MGIuR3-eYFP or mGIuR2ATM4-eYFP (fig. S6A). These findings suggest that, although
DOX-induced expression of 5-HToaR results in augmentation of total MGIUR2 density, its
functional properties for agonist-induced Gjj, protein recruitment are diminished.
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Our previous results showed that stimulation of cells coexpressing mGIuR2 and 5-HT,aR
with the mGIuR2/3 agonist LY 379268 leads to a Gq/11 protein-dependent increase in the
intracellular CaZ* concentration ([Ca2*];) (44, 46, 47), a trans-activation mechanism event
that has been validated by some (66, 67) but not all (49) studies. LY379268 augmented
[CaZ*]; in DOX(+) cells stably expressing mGIluR2-eYFP, an effect that was significantly
reduced in DOX(+) cells stably expressing mGIUR2ATM4-eYFP (Figs. 2, L and M). As
expected, neither serotonin (5-hydroxytryptamine, 5-HT) nor LY 379268 had such an effect
on Ca?* release in DOX(-) Flp-In T-REx HEK293 cells, whereas 5-HT stimulated an
increase in intracellular Ca2* release in DOX(+) cells (fig. S6B). This effect of 5-HT on
Ca®* release was absent untransfected HEK293 cells (fig. S6B).

To further explore the potential interaction between these two receptors, we tested protein
association using two different methods. Using sensorFRET, which enables quantitative
measurement of FRET efficiency (68), we observed a significant decrease in FRET
efficiency between eCFP and eYFP in DOX(+) cells stably expressing mGIUR2ATM4-eYFP
as compared to that observed in cells stably expressing mGIluR2-eYFP (Figs. 3, A to C and
figs. S7, A to H). This finding confirms the impaired ability of the mGIuR2/mGIuR3
chimeric construct to physically interact with 5-HT,aR. Moreover, the FRET signal between
5-HT,aR-eCFP and mGIluR2-eYFP was mostly located intracellularly in vesicles positive
for both eCFP and eYFP fluorescence signal (Fig. 3A). Using proximity ligation assay
(PLA) , which permits direct detection of molecular interactions between two proteins
without needing resonance energy transfer assays (69), we found that following DOX-
dependent induction of 5-HT,AR-eCFP expression, the PLA signal between 5-HT,aR and
mGIuR2 was observed in the form of punctate staining (Fig. 3D and fig. S8). Addition of
DOX to cells harboring 5-HT,aR-eCFP at the inducible locus and stably expressing
MGIUR2ATM4-eYFP resulted in significantly reduced PLA dot counts (Figs. 3, E and F). As
anticipated, no PLA signal was detected in DOX(-) cells encoding 5-HT,AR-eCFP at the
inducible locus and stably expressing mGluR2-eYFP (Fig. 3F), or cells in which one of the
primary antibodies was omitted (Fig. 3F).

Expression of 5-HT,4R augments localization of mGIuR2 in endosomal compartments

To evaluate the components of the intracellular trafficking pathway in which 5-HT,aR
affects subcellular distribution of mGIuR2, we next tested the effect of DOX-induced
expression of 5-HT,R on the colocalization of mGIluR2 with endosomal markers. Confocal
immunofluorescence microscopy in fixed cells revealed that colocalization of mGIluR2-
eYFP with Rab5, which regulates clathrin-mediated endocytosis from the plasma membrane
to early/sorting endosome pools (33, 70), showed a modest, yet statistically significant,
increase in DOX(+) cells as compared to DOX(-) cells (Figs. 4, A and B and figs. S1, B and
C). Additionally, DOX-induced expression of 5-HT,aR substantially augmented the
localization of mGIluR2-eYFP with the late endosome marker Rab7 (Figs. 4, C and D and
figs. S1, E and F).

To quantitatively compare variant receptor trafficking and to validate our previous findings
with an independent marker of clathrin-mediated endosomes, we assessed the colocalization
of 5-HTyAR-mCherry or mGIluR2-eYFP with the transferrin receptor, which transits through
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clathrin-coated pits and is a marker of early endosomes (33, 70) using imaging flow
cytometry (46, 71). As above with Rab5 and Rab7, the localization between 5-HT,aR-
mCherry and the transferrin receptor was higher as compared to that observed between
mGIuR2-eYFP and transferrin receptor (fig. S9A). Additionally, whereas colocalization
between 5-HT,aR-mCherry and transferrin receptor was not affected upon cotransfection of
the mGIluR2-eYFP construct (fig. S9B), transfection of the 5-HT,aR-mCherry construct led
to a significant increase in the colocalization of mGluR2-eYFP and the transferrin receptor
(fig. S9C).

DOI and LY379268 differentially affect mGluR2 localization in Rab5-positive endosomes

Our data thus far showed that, under steady state conditions, the colocalization of mGIuR2
with markers of endocytic vesicles increased upon coexpression with 5-HT,4R. However,
agonist binding and activation of most GPCRs usually results in the rapid desensitization
and endocytosis of the receptor. To gain further insight into how cells control subcellular
localization of GPCR complexes, we next investigated the effects of different serotonergic
and glutamatergic agonists on trafficking processes in cells coexpressing 5-HToaR and
mGIuR2.

To do so, we first explored the effect of the endogenous neurotransmitter 5-HT or the 5-
HT,aR agonist DOI on the localization of mGIuR2 within Rab5-positive endosomes.
Colocalization of mGluR2-eYFP and Rab5 was significantly increased after either 5-HT or
DOl treatment in cells stably expressing mGluR2-eYFP and induced to express 5-HTaR-
eCFP (Figs. 4, A and E, and figs. S1, C and D). As an internal control, we also confirmed
that treatment with DOI did not affect the localization of mGIluR2-eYFP and Rab5 in cells
stably expressing mGluR2-eYFP and not induced (DOX[-]) to express 5-HT,5R-eCFP (Fig.
4F). To test whether this trafficking event required heteromeric assembly between 5-HToaR
and mGIluR2, we used synthetic peptides with the amino acid sequence of TM4 of mGIuR2
fused to the HIV transactivator of transcription (TAT) peptide, which determines the
orientation of the peptide when inserted in the plasma membrane (72). First, as expected
based on our previous findings (47, 73), incubation with TAT-TM4, but not with TAT-TM1
or a TAT-tagged scrambled peptide, significantly decreased the FRET signal in cells
coexpressing 5-HT,aR-eCFP and mGIuR2-eYFP (Fig. 4G). Furthermore, incubation with
TAT-TMA4 reduced the effect of DOI on the colocalization of mGIuR2-eYFP and Rab5 (Fig.
4H). Exposure to TAT-TM4, however, did not affect the colocalization between mGIluR2-
eYFP and Rab5 in vehicle-treated cells (Fig. 4H). The GTPase dynamin is essential for
membrane fission during clathrin-mediated endocytosis (33). Dynasore inhibits dynamin-
dependent endocytic pathways by rapidly blocking coated vesicle formation (74). The ability
of DOI to increase the colocalization between mGIluR2-eYFP and Rab5 was prevented by
dynasore in DOX(+) cells (Fig. 41). Flow cytometry assays with an Alexa Fluor 647
(AF647)-tagged antibody targeting the N-terminal of mGIluR2 showed that cell surface
localization of mGIuR2-eYFP was increased by dynasore treatment, but unaffected by DOI
in DOX(+) cells (Fig. 4J). This lack of effect of DOI exposure on cell surface mGluR2-

e YFP was further supported by radioligand binding assays. Thus, [2H]LY 341495 binding
was comparable in DOX(+) cells treated with DOI or vehicle (Fig. 4K). Together with the
absence of effect of DOI treatment on FRET (Fig. 4L) and PLA (Fig. 4M) signal between 5-
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HT,aR-eCFP and mGIluR2-e YFP, these data suggest that whereas exposure to DOI
augments the localization of mGIuR2 within Rab5-positive endosomes through a mechanism
that requires heteromerization between 5-HT,AR and mGIuR2, activation of 5-HT,aR does
not affect mGIuR2 cell surface density, total mGIuR2 density, or mGIuR2 heteromerization
with 5-HT,aR.

We next tested whether DOX-induced expression of 5-HT,R-eCFP modulates the effect of
the mGIuR2/3 agonist LY 379268 on the subcellular localization and trafficking of mGIuR2.
As expected in DOX(-) cells, incubation with LY 379268 led to both an increase in the
colocalization between mGIluR2-eYFP and Rab5 (Fig. 4N) and reduced cell surface AF647
signal (Fig. 40), phenotypes that were prevented by dynasore (Figs. 4, O and P). This effect
of LY 379268 on the subcellular localization of mGIuR2 was not observed in DOX(+) cells
(Figs. 4, Q, R and S) but was rescued in DOX(+) cells by treatment with TAT-TM4 (Fig.
4T). Additionally, our radioligand bindings assays with the mGIluR2/3 antagonist

[BH]LY 341495 showed that mGIuR2 density was reduced in DOX(-) cells treated with
LY379268 (Fig. 4U), but not in cells stably expressing mGIluR2-eYFP and induced to
express 5-HToAR-eCFP (Fig. 4V). By contrast, in DOX-treated cells, the molecular
proximity between 5-HTaR-eCFP and mGIluR2-e YFP, as assessed by sensorFRET (Fig.
4L) and PLA (Fig. 4M), was reduced by previous exposure to LY379268. Together, these
data show that the 5-HT,aR agonist DOI and the mGIluR2/3 agonist LY 379268 differentially
affect mGIuR2 density as well as localization of mGIuR2 with markers of endocytic
compartments in cells expressing mGIuR2 alone, or together with 5-HT,aR.

Exposure to clozapine down-regulates mGIluR2 through GPCR heteromerization with 5-

HT,AR

Previous reports suggested that the presence of 5-HT,R antagonists/inverse agonists affects
intracellular localization of 5-HToaR constructs in living mammalian cell cultures. As an
example, upon addition of ligands such as mianserin, cells show 5-HT,ARSs predominantly at
the plasma membrane (38). To corroborate these findings, we used Flp-In T-REx HEK293
cells expressing 5-HT,aR-eCFP only (which means cells without stable expression of
MGIuR2-eYFP, mGIluR3-eYFP or mGIuR2ATM4) in an inducible manner. Following
addition of DOX, cells were treated overnight with the 5-HT,AR antagonist/inverse agonist
M100907 (also known as volinanserin or MDL 100,907), or vehicle. In contrast to vehicle-
treated cells, 5-HT,AR-eCFP was essentially localized at the plasma membrane of cells
treated with M100907 (Fig. 5A and figs. S1, G and H). Similar results were obtained with
the 5-HT,AR antagonist/inverse agonist altanserin (Fig. 5A and figs. S1, G and I). Together,
these data suggest that, at steady state, the bulk of 5-HT,AR-eCFP is present in punctate
intracellular vesicles, and that treatment with the 5-HT,aR antagonists/inverse agonists
enhances the otherwise restricted cell surface localization of the 5-HToaR.

Clozapine is an antipsychotic medication that normally behaves as a 5-HT,R antagonist/
inverse agonist, thus blocking or inhibiting 5-HT,R-dependent principal signaling
pathways such as activation of Gq/1; proteins (75), yet can also activate certain pathways
such as Akt (55). Additionally, and opposite to what is usually observed with most
antagonists and inverse agonists, clozapine exposure did not discernibly affect the
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subcellular distribution of 5-HT,AR-eCFP in DOX(+) cells (Fig. 5A and figs. S1, G and J).
Nevertheless, our previous findings in whole animal models showed that long-lasting
exposure to clozapine induces mGIluR2 down-regulation in brain regions such as the frontal
cortex (43, 76, 77). Consequently, we tested whether clozapine affects mGIluR2 localization
and density in cells coexpressing 5-HToAR and mGIuR2, as well as the requirement for 5-
HT,aAR-mGIUR2 heteromerization for this trafficking event.

Cells induced to express 5-HT,aR-eCFP and stably expressing mGIluR2-eYFP were
incubated with clozapine or vehicle. As before (Fig. 2A), induction of 5-HT,AR-eCFP
corroborated a high degree of colocalization between 5-HToAR-eCFP and mGIuR2-eYFP in
intracellular vesicles of vehicle-treated cells (Fig. 5B and fig. S1K). Addition of clozapine
resulted in an observable reduction of colocalization between mGIuR2-eYFP and 5-HT,aR-
eCFP (Figs. 5, B and C, and figs. S1L and S4B). This effect was not observed after addition
of M100907 (Figs. 5, B and D) and was prevented by TAT-TM4 (Fig. 5D). In contrast to
cells expressing 5-HT,aR-eCFP alone (Fig. 5A), both 5-HT,aR-eCFP and mGluR2-eYFP
remained intracellularly colocalized upon exposure to M100907 (Fig. 5B and fig. SIM). As
expected (Fig. 2B), colocalization was less observable in cells coexpressing 5-HT,aR-eCFP
and mGIuR2ATM4-eYFP (Figs. 5, C and E, and figs. SIN and S4B), yet this low degree of
colocalization was not affected by clozapine (Figs. 5, C and E, and figs. S10 and S4B).
Together, these data suggest that clozapine, and not M100907, reduces the subcellular
colocalization of 5-HT,AR-eCFP and mGluR2-eYFP through a mechanism that requires
their molecular proximity.

We next tested whether clozapine treatment affected mGIuR2 surface density through the 5-
HT,aAR-MGIUR2 heteromer. Our flow cytometry analysis showed that, in DOX(+) cells
stably expressing mGluR2-eYFP, clozapine treatment reduced eYFP intensity (Fig. 5F), an
effect that was not observed upon M100907 treatment (Fig. 5G) or in cells stably expressing
MGIuR3-eYFP (Fig. 5H). Similarly, density of mGluR2-eYFP, as determined by binding
saturation curves with [3H]LY341495, was reduced upon clozapine treatment in cells
induced to express 5-HT,aR-eCFP and stably expressing mGluR2-eYFP (Fig. 51 and fig.
S10A). However, this clozapine-dependent effect was not observed in cells induced to
express 5-HToAR-eCFP and stably expressing either mGIuR3-eYFP (Fig. 5J and fig. S10B)
or mGIuR2ATM4-eYFP (Fig. 5K and fig. S10C). Treatment with clozapine also diminished
both FRET efficiency (Fig. 5L) and PLA signal (Fig. 5M) between 5-HT,5R-eCFP and
mGIuR2-eYFP. Although clozapine (Fig. 5N), but not M100907 (Fig. 50), decreased the
cell surface immunoreactivity of mGluR2-eYFP, this effect was more evident on the
subpopulation of mGIuR2 located intracellularly (Fig. 5P). Clozapine did not affect cell
surface mGluR2-eYFP immunoreactivity (Fig. 5Q) or eYFP signal (Fig. 5R) in DOX(-)
cells.

The absence of 5-HT,aR affects the localization of mGIuR2 in cortical pyramidal neurons

Neuroanatomical studies showed that 5-HToAR and mGIuR2 colocalize in frontal cortex
pyramidal neurons (43-45, 47). Our current data so far suggested that 5-HT,aR modulated
mGIuR2 trafficking and localization in cultured mammalian cells. To ensure that this
phenomenon occurred in a primary cell culture system, we examined whether localization of
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mGIuR2 in Rab5-positive endosomes was affected in cortical neuron cultures of 5-HT,aR
knockout (5-HT24R™") mice and wild-type (5-HT,4R"*) littermates. The colocalization of
mGIuR2 immunoreactivity and Rab5 was significantly reduced in cortical primary neuron
cultures of 5-HT,4R™~ mice as compared to 5-HT,4R"* animals (Figs. 6, A and B).

To assess whether the subcellular localization of mGIuR2 could be regulated by its
interactions with 5-HToAR in native tissue, we used immunogold labeling to examine
mGIuR2 distribution relative to the plasmalemma in the frontal cortex of 5-H7,4R*/* and 5-
HT,4R~~ mice. We focused our analysis solely on excitatory postsynaptic dendritic spines
which, in the frontal cortex region, are the principal sites of glutamatergic input onto
pyramidal neurons (78-80). Our previous data showed that 5-HT,aR and mGIuR2 crosstalk
in this population of cortical cells (43-45, 47). For each synapse, the distribution of particle
clusters was scored based on their presence at the plasma membrane (fig. S11A), inside the
cytoplasm (fig. S11B), or distributed on both plasmalemma and intracellularly (fig. S11C) In
neurons from 5-H7,4R*"* mice, the largest proportion of synapses showed both plasma
membrane and intracellular labeling (Figs. 6, C and D). Additionally, there was a
significantly greater proportion of gold particle clusters at the plasma membrane alone in
neurons from 5-HT,4R™" mice relative to 5-HT,4R"* littermates (Figs. 6, C and D).
Together, these findings indicate that subcellular localization of mGIuR2 is affected by
expression of 5-HT,AR in mouse cortical pyramidal neurons.

DISCUSSION

The presence of multiple GPCRs in individual cells affects processes related to agonist-
promoted GPCR endocytosis and down-regulation (19, 37, 81). For many GPCR
heterocomplexes, such as 6-opioid-po-adrenergic (82), apa adrenergic-p1-adrenergic (83),
and adenosine Aya-dopamine D5 receptor (84) complexes, stimulation of only one of the
components has been suggested to be sufficient to promote cotrafficking of the two
protomers. Although interesting, it was assumed, but never clearly demonstrated, that
heteromerization is the mechanism by which receptor coexpression evokes receptor
cointernalization. In the present study, our data suggest that 5-HT,aR affects the subcellular
distribution of mGIuR2 through a mechanism that requires a physical interaction of the two
protomers. We show, further, that mGIuR2 responds differently to processes related to
agonist-induced targeting to endosomal compartments when expressed with 5-HT,aR.

In addition, expression of 5-HT,aR affects the subcellular distribution of mGIuR2 in
pyramidal neurons of the mouse frontal cortex.

Under steady state experimental conditions (absence of receptor agonists including the
endogenous neurotransmitter 5-HT due to the use of dialyzed FBS in the culture media) our
data validate the elevated level of localization of 5-HT,R in intracellular vesicles — a
phenotype previously observed in HEK293 and CHO-K1 cells (38, 39, 55). Although an
important proportion of the 5-HT,aR population is located intracellularly, we and others
have validated the expected finding that the addition of 5-HT,aR agonists, including 5-HT
or DOI, leads to activation of Gg/1; protein-dependent pathways, such as stimulation of the
activity of phospholipase C (PLC) which increases intracellular inositol triphosphate (IP3),
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diacylglycerol (DAG) and intracellular Ca?* levels (46, 47, 85). Nevertheless, the effects of
5-HT,AR antagonists or inverse agonists, such as M100907 and altanserin, on 5-HT,aR
subcellular localization and distribution of the receptor at the cell surface support the
concept that 5-HT,aR exhibits a high level of constitutive activity accounting for the
intracellular localization of 5-HToAR. We showed that this distribution of 5-HToaR also
affected the intracellular localization of mGIuR2. The potential role of heteromerization as
the mechanism underlying the effect of 5-HT,R on subcellular localization of mGIluR2 was
supported by our findings demonstrating intracellular BiFC, PLA and FRET signal coming
from coexpression of appropriately tagged 5-HT,AR and mGIuR2 constructs. Recent
findings point towards instability of a class A GPCR oligomeric interface (25, 27, 86). Our
current data showing effects on trafficking and subcellular distribution through interclass
GPCR heteromeric assembly support the concept that 5-HT,AR and mGIuR2 are part of a
stable receptor complex structure. Further work, however, will be necessary to fully
characterize the dynamics of this structural assembly.

An interesting observation was that whereas DOX-induced expression of 5-HT,aR
augments the density of mGIuR2, but not that of mGIuR3 or mGIuR2ATM4, G;/, protein
coupling induced upon activation of mGIuR2 was substantially reduced in DOX(+) cells as
compared to DOX(-) cells. Although this finding further supports specificity of the crosstalk
between 5-HT,aR and mGIuR2, the exact mechanism remains to be investigated.
Nevertheless, a potential explanation to reconcile these results is the existence of a
compensatory pathway to rescue mGluR2-dependent function due to the higher degree of
mGIuR2 intracellular localization upon DOX-induced 5-HToAR expression.

Most GPCRs are transported to an endocytic pathway after internalization (33, 70). We
showed that, in the absence of 5-HT,aR or mGIuR2 agonists, 5-HT,aR colocalized with
endosome marker proteins to a greater than mGIuR2 in HEK?293 cells expressing either
protein alone. Our data also suggest that the presence 5-HT,aR in cells stably expressing
mGIuR2 increased mGIuR2 colocalization with different markers of the endocytic pathway
such as Rab5, Rab7 and the transferrin receptor. Considering that colocalization of mGIuR2
and Rab5 was also reduced in mouse cortical primary cultures of 5-H7,4R™ mice, these
data suggest that 5-HT,R’s constitutive internalization affects localization of mGIuR2
within individual components of the endocytic pathway.

Acting through 5-HT,aR, LY 379268 and DOI differently affected the distribution of
mGIuR2 within Rab5-positive endocytic vesicles, as well as the physical interaction between
5-HT,aR and mGIuR2. Thus we found that whereas coexpression of 5-HT,aR prevented the
effect of mGIuR2 agonists on both mGIluR2 endocytosis and down-regulation, agonist-
induced activation of mGIuR2 decreased its physical proximity with 5-HT,AR. Our data also
support the conclusion that agonist activation of 5-HT,AR increased the colocalization
between mGIuR2 and Rab5. This effect required 5-HToAR-mGIuR2 heteromeric assembly
because it was reduced by the peptide TAT-TM4. However, under the same experimental
conditions, and opposite to the effects of LY379268, both mGIuR2 density and 5-HT,aR-
mGIuR2 heteromerization remained unchanged. These data suggest that whereas DOI
augments intracellular distribution of mGIluR2 within Rab5-positive and clathrin-dependent
endosomes coexpressing 5-HT,aR and mGIuR2, internalized mGIuR2 is not degraded after
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entering the late-endosomal/lysosomal pathway. Sorting of mGIuR2 into the recycling
pathway could provide a potential explanation. Additional work will be necessary to
determine the population of intracellular vesicles downstream of Rab5-positive endosomes
responsible for increased endocytic uptake of mGIuR2 without receptor downregulation.

In the absence of DOI, colocalization of mGIuR2 and Rab5 was comparable between cells
exposed to either TAT-TM4 or the TAT-tagged scrambled peptide. This absence of effect of
TAT-TM4 on colocalization of mGIuR2 and Rab5 at steady state conditions does not call
into question the capability of the TAT-tagged peptide to reduce 5-HT,aR-mGIuR2 complex
assembly. Instead, together with the effect of TAT-TM4 preventing DOI-induced
augmentation of mGIuR2 localization within Rab5-positive endosomes, these findings
suggest that, in the absence of exogenous agonists such as DOI, disruption of 5-HT,aR-
mGIuR2 heteromerization does not imply rapid mGIuR2 trafficking from Rab5-positive
endosomes to alternative endocytic compartments.

Although discovered in the late 1950s (87), clozapine still remains as the gold standard for
schizophrenia treatment (75). It binds with relatively low affinity to dopamine D5 and other
monoaminergic neurotransmitter receptors, but similarly to other atypical antipsychotics,
clozapine shows a particularly high affinity for 5-HT,R (88, 89). Activation of mGIuR2 by
mGIuR2/3 agonists, including pomaglumetad or LY 2140023 (an oral prodrug of LY404039),
have been proposed to treat psychasis in schizophrenia patients (90), but pomaglumetad is
not clinically useful (91). We previously proposed that chronic treatment with clozapine and
other atypical antipsychotics induces a selective down-regulation of mG/uRZ2 expression
through an epigenetic mechanism involving repressive histone modifications at the promoter
region of the mGIluR2 (Grm2) gene in mouse and human frontal cortex (76, 77). These
preclinical findings were validated by clinical work showing the absence of therapeutic
effects of pomaglumetad in schizophrenia patients previously treated with atypical
antipsychotic medications (92). Our current findings here propose an alternative, although
not mutually exclusive, explanation by which long-lasting exposure to clozapine down-
regulates mGIuR2 density through a mechanism that requires its heteromerization with the
5-HToAR. We observed that subcellular colocalization between 5-HT,aR and mGIuR2 was
reduced upon clozapine exposure. This effect was not induced by overnight exposure to
M100907, was not observed in cells stably expressing mGIUR2ATM4 and induced to
express 5-HToaR, and was prevented by a TAT-tagged peptide that disrupts 5-HToaR-
mGIuR2 heteromerization. Similarly, clozapine, but not M100907, reduced total mGIuR2
density as well as mGIuR2 localization at both cell surface and in intracellular
compartments. Thus, continued exposure to clozapine, but not M100907, affects mGIuR2’s
subcellular distribution and density through a mechanism that requires 5-HT,aR-mGIuR2
complex formation. Further work will be necessary to better understand the trafficking
pathway responsible for alterations in mGIuR2 cellular distribution among 5-HToaR-
positive intracellular vesicles and plasma membrane.

While some reported examples may reflect data overinterpretation or ambiguity due to the
system in use, the concept that class A GPCRs form receptor complexes is supported by
numerous experimental approaches. As of yet, the functional importance of GPCR
oligomerization remains controversial. Our data obtained with stable expression of mGIluR2
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or mGIluR2/mGIuR3 chimeric constructs and TAT-tagged peptides to disrupt 5-HT,aR-
mGIuR2 complex formation support the conclusion that 5-HT,aR affects the subcellular
localization of mGIuR2 through GPCR heteromerization. The validity of this concept is
further advanced by our findings showing alterations in mGIuR2 cellular distribution in
frontal cortex pyramidal neurons of 5-47,4R ™~ mice as compared to control littermates. In
short, these findings illuminate the importance of inter-family heteromerization on GPCR
localization and trafficking.

Materials and Methods

Drugs

()-2,5-Dimethoxy-4-iodoamphetamine hydrochloride (DOI), 5-hydroxytrytamine
hydrochloride (5-HT; serotonin), GDP, and GTPyS were purchased from Sigma-Aldrich.
(1R,4R,5S,6R)-4-Amino-2-oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid (LY379268),
(2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid
(LY341495), clozapine, (R)-(+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-
piperinemethanol (M100907; MDL 100,907; volinanserin), 3-[2-[4-(4-fluorobenzoyl)-1-
piperidinyl]ethyl]-2,3-dihydro-2-thioxo-4(1H)-quinazolinone hydrochloride (altanserin), L-
glutamic acid, 3-hydroxynaphthalene-2-carboxylic acid (3,4-
dihydroxybenzylidene)hydrazide (dynasore), and [8B(5)]-9,10-didehydro-A-[1-
(hydroxymethyl)propyl]-1,6-dimethylergoline-8-carboxamide maleate (methysergide) were
purchased from Tocris Bioscience. [3H]Ketanserin and [3°S]GTP+yS were obtained from
PerkinElmer Life and Analytical Sciences. [3H]LY 341495 was purchased from American
Radiolabeled Chemicals. All other chemicals were obtained from standard vendors.

Plasmid Construction

All PCR assays were performed with PfuUltra Hotstart Polymerase (Stratagene) in a
Mastercycler Ep Gradient Auto thermal cycler (Eppendorf). Cycling conditions were 30
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min/kb of amplicon, with an initial
denaturation/activation step at 94°C for 2 min and a final extension step of 72°C for 7 min.
All the constructs were confirmed by DNA sequencing. The following constructs have been
previously described (43, 45, 47): human 5-HToaR N-terminally tagged with the c-Myc
epitope (pcDNA3.1-c-Myc-5-HToaR), human 5-HToAR N-terminally tagged with the c-
Myc epitope and C-terminally tagged with enhanced cyan fluorescent protein ()cDNA3.1-c-
Myc-5-HToaR-eCFP), human 5-HTo4R N-terminally tagged with the c-Myc epitope and C-
terminally tagged with mCitrine (pcDNAS3.1-c-Myc-5-HT,aR-mCitrine), human 5-HT,aR
N-terminally tagged with the c-Myc epitope and C-terminally tagged with mCherry
(pcDNAS3.1-c-Myc-5-HT,aR-mCherry), human 5-HToaR N-terminally tagged with the c-
Myc epitope and C-terminally tagged with eYFP (pcDNA3.1-c-Myc 5-HT,aR-eYFP),
human mGIuR2 C-terminally tagged with eYFP (pcDNA3.1-mGluR2-eYFP), human
mGIuR2 C-terminally tagged with eCFP (pcDNA3.1-mGluR2-eCFP), human mGIuR3 C-
terminally tagged with eYFP (pcDNA3.1-mGIluR3-eYFP), human mGIuR2 with substitution
of residues A677440, A681444 and A685*8 in mGIuR2 for S686440, F690%44 and
G694448 in mGIuR3 C-terminally tagged with eYFP (pcDNA3.1-mGIuR2ATM4; formerly
named pcDNA3.1-mGIuR2ATMA4N). The construct 5-HT,R-eCFP was subcloned into the
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vector pcDNAS/FRT/TO (Invitrogen) for the subsequent generation of Flp-In T-REX
HEK?293 cells, as we have previously reported (38). For BiFC studies, constructs were
generated by subcloning the sequence encoding the N-terminal 172-amino acid fragment
(mCi-N172) or the C-terminal 67 amino acid fragment of mCitrine (mCi-C76), as we have
previously described [see (19)]. The constructs pcDNA3.1-mCi-N172, pcDNA3.1-mCi-C67,
pcDNA3.1-mGIluR2-mCi-N172 and pcDNA3.1-mGIluR2-mCi-C67 have been previously
described (47). The form of 5-HT,aR C-terminally tagged with eCFP was digested with
Nhel and BamHI and subcloned into the same restriction sites of pcDNA3.1-mCi-N172 and
pcDNA3.1-mCi-C67 to generate pcDNA3.1-5-HTyAR-mCi-N172 and pcDNA3.1-5-HToaR-
mCi-C67. The chimeric Ga protein Gagig has been previously reported (93). FRET
calibration was performed on parental HEK293 cells transfected with either pcDNA3.1-
eCFP, pcDNA3.1-eYFP, or the tandem plasmid pcDNA3.1-eCFP-eYFP.

Transient Transfection of HEK293 cells

Human embryonic kidney (HEK293) cells (ATCC: CRL-1573) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) dialyzed fetal
bovine serum (dFBS) and 1% penicillin/streptomycin (Gibco) in a 5% CO, humidified
atmosphere. Transfection was performed using polyethylenimine (PEI) linear MW 2,500
(Polysciences), following standard protocols.

Generation of Stable Flp-In T-REx HEK293 cell lines

Generation Flp-In T-REx HEK293 cells expressing c-Myc-5-HT4R-eCFP in an inducible
manner was preformed following standard protocols (65). Briefly, FIp-In T-REx HEK293
cells were transfected with a mixture containing either c-Myc-5-HT,aR-eCFP cDNA in the
pcDNAS/FRT/TO vector and pOG44 vector (1:9) using Lipofectamine 2000 reagent
(Invitrogen), according to the manufacturer’s instructions. When cotransfected with the
pcDNAS/FRT/TO plasmid into the Flp-In mammalian host cell line, the Flp recombinase
expressed from pOG44 mediates integration of the pcDNAS5/FRT/TO vector containing the
gene of interest into the genome through Flp recombination target (FRT) sites. Clones
resistant to blasticidin (5.0 pg/ml; InvivoGen) and hygromycin (2.2 ug/ml; InvivoGen) and
expressing the Tet repressor (tetR) along with the inserted c-Myc-5-HT,5R-eCFP at the FRT
site were screened for eCFP expression by standard fluorescence microscopy protocols.

Double stable cell lines expressing mGluR2-eYFP, mGluR3-eYFP or mGIUR2ATM4
constitutively and 5-HT,aR-eCFP in an inducible manner were generated from the Flp-In T-
REx HEK?293 cells described above. Cells were transfected using Lipofectamine 2000
reagent (Invitrogen) with the vectors containing mGluR2-eYFP, mGIuR3-eYFP or
mGIuR2ATMA4. Following transfection, cells were selected for resistance to Geneticin (1
mg/ml; Invitrogen), and the resistant clones were screened for receptor expression by
standard fluorescence microscopy. Flp-In T-REx HEK293 cells stably expressing p-opioid
receptor tagged with eYFP and able to express c-Myc-5-HToaR-eCFP in an inducible
manner have previously been described (38).
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To induce expression of 5-HT,AR-eCFP, cells were treated with doxycycline (DOX) (1.0
ug/ml; 24 — 48 h). Dialyzed FBS was used for cell growth to avoid activation of 5-HT,aR by
5-HT that is routinely present in serum.

5-HT,aR knockout (Htr2a™™) mice of 129S6/Sv background have previously been
described (94). For experiments involving 5-H7,4R~~ mice, wild-type (5-HT24R*"*)
littermates on a 129S6/Sv background 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 Virginia Commonwealth University School of Medicine approved all the
experimental procedures.

Cortical primary cultures

Fetuses (E17-18.5) from pregnant mothers were removed using aseptic techniques. Cortical
primary cultures were performed as previously reported (94). Cells were maintained for 7
days in vitro before use in experiments.

Immunocytochemistry

In HEK?293 cells or mouse cortical primary cultures, immunocytochemical assays were
performed as previously reported with minor modifications (43-45, 47). Briefly, cells were
fixed with 4% paraformaldehyde (Sigma) supplemented with 100 uM CaCl, and 100 pM
MgCl, for 10 min at room temperature, rinsed with PBS, and washed twice with PBS
supplemented with 20 mM glycine. Coverslips were incubated with 0.2% Triton X-100 for
10 min at room temperature and incubated in the dark for 60 min with PBS containing 5%
donkey or goat serum (according to the secondary antibody). Primary antibody was added
(40 ul on each coverslip) and incubated overnight at 4°C. Primary antibodies used were
rabbit anti-c-Myc (Cell Signaling Technology catalog no. 2272; diluted at 1:250), mouse
anti-mGIuR2 (Abcam catalog no. 15672; diluted at 6.5 pug/ml), goat anti-Rab5 (SICGEN
catalog no. ab1024; diluted at 6.5 pg/ml [HEK293 cells] or 5.0 pg/ml [primary neurons]),
rabbit anti-Rab7 (Cell Signaling Technology catalog no. 9367; diluted at 1:100), or rabbit
anti-GFP (Invitrogen catalog no. A11122; diluted at 1:500) After washing with PBS, cells
were incubated for 60 min at room temperature in the dark with the secondary antibodies
Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen catalog no. A11011; dilution
1:1000), Alexa Fluor 568 conjugated goat anti-rabbit (Invitrogen catalog no. A11004;
dilution 1:1000), Alexa Fluor 568-conjugated donkey anti-goat (Invitrogen catalog no.
A11057; dilution 1:1000), or Dylight 650-conjugated donkey anti-mouse (Thermofisher
catalog no. SA5-10169 [primary neurons]). Nuclei were stained (5 min) with Hoechst 33342
(ThermoScientific). After washing (PBS, 6 x 5 min), the coverslips were mounted on glass
slides with Prolong Diamond Antifade Mountant (ThermoFisher).

Confocal microscopy

Fixed cells and living cells were visualized on a Carl Zeiss Axio Observer LSM 710 laser
scanning confocal microscope (LSCM) with a Plan-Apochromat 63x/1.40 Qil DIC M27 or
40x Cal objective. Hoechst 33342 was excited by a 405 nm blue diode, and eCFP with a 440
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nm laser-pulse. Additionally, 488 nm and 514 nm multi-line Argon lasers were used to
excite Alexa Fluor 488, mCitrine and eYFP, respectively, whereas a 561 nm green diode
laser was used to excite mCherry and Alexa Fluor 568. Finally, DyLight 650 was excited
with a 633 nm HeNe laser line. Emission signals were acquired in the same order using the
following Main Beam Splitter/Dichroic Beam Splitter (MBS/DBS) and emission filters (EF)
sets: InVis 405/Mirror EF: 410-482nm, InVis 445/Mirror EF: 435-480 nm, 488/Mirror EF:
494-523 nm, 458/514/Mirror EF: 523-543 nm, and 458/561/633/Mirror EF: 591-661
(mCherry) 573-620 (AF568) 654-700 (DyLight650). Pinhole was kept constant and adjusted
at 1 airy unit. Living cells (cell cloning) were visualized on a Carl Zeiss Cell Axio Observer
Z1 spinning disc confocal microscope (SDCM) with an embedded Yokogawa CSU-X1
spinning disc and a C-Apochromat 63x/1.20 W Korr UV-Vis-IR objective. [llumination
sources were a 458 nm and 514 nm (multi-Ar) laser for eCFP and eYFP, respectively.
Emission filters (SD mirror + bypass filters BP) were RTFT457/514/647 + BP485/30 (eCFP)
and RQFF405/488/568/647 + BP525/50 (e YFP). During image acquisition, cells were
maintained at 37°C and 5% CQO2 atmosphere by an incubation system.

Immunoblot Assays

Western blot experiments were performed as previously reported (45), using rabbit anti-c-
Myc (Cell Signaling, catalog no. 2272; diluted at 1:400) and rabbit anti-p-actin (Abcam
catalog no. 8227; diluted at 0.33 pg/ml).

TAT-fused transmembrane domain interference peptides

Peptides derived from human mGIuR2 TM4 and TM1 were custom synthesized (Genemed
Synthesis, Inc.). TAT (trans-activating transcriptional activator from human
immunodeficiency virus; YGRKKRRQRRR) was fused to the N-terminus of the human
MGIuR2 TM4 (YGRKKRRQRRRSPASQVAICLALISGQLLIVVAWLVVE) and TM1
(AWAVGPVTIACLGALATLFVLGVFVRHYGRKKRRQRRR) to obtain the correct
orientation for the inserted peptide because TAT binds to phosphatidylinosityol-(4,5)-
biphosphate found on the inner surface of the membrane (72). TAT-labelled 38-mer peptide
was used as an internal control
(YGRKKRRQRRRVIAPLYTSCVNWQIFVISMYRGARVAI). Stock solutions of the TAT-
tagged peptides (5.2 mM) were prepared in DMSO supplemented with glacial acetic acid
(1.93%). For FRET assays, cells were incubated with TAT-tagged peptides (10 uM, final
concentration) for 60 min (DMSO?’s final concentration = 0.18%). For studies involving
receptor agonists, TAT-tagged peptides were added 5 minutes before DOI or LY 379269, or
vehicle administration. For studies involving overnight treatment with clozapine, TAT-tagged
peptides were added both 5 minutes before clozapine or vehicle administration and 65
minutes before cell fixation.

Proximity Ligation Assay

Heteromers of c-Myc-5-HToaR-eCFP and mGIluR2-eYFP were detected using the Duolink
In Situ PLA Detection Reagents Red technology kit (Sigma-Aldrich). Briefly, coverslips
with fixed cells were incubated with 0.1% Triton X-100 for 10 min at room temperature then
in blocking solution according to manufacturer’s instructions. Cells were incubated
overnight at 4°C with a mixture of the primary antibodies (rabbit anti-c-Myc [Cell Signaling
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Technology, catalog no. 2272; 1:250], and mouse anti-mGIluR2 [Abcam, catalog no. 15672;
1:200]). Samples were incubated with Duolink In Situ PLA Probe Anti-Rabbit PLUS
Affinity purified Donkey anti-Rabbit 1gG and Duolink In Situ PLA Probe Anti-Mouse
MINUS Affinity purified Donkey anti-Mouse 1gG. Samples were processed for ligation and
amplification and were mounted onto glass slides with Prolong Diamond Mountant. Z-stack
images were acquired in a Carl Zeiss Axio Observer LSM 710 laser scanning confocal
microscope with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective (to obtain a
representative image) or 40x Cal objective (for quantification purposes). For each field of
view, a stack of three channels (one per staining) was obtained. Images were processed with
Fiji software version 2.0.0 (National Institutes of Health, Bethesda, MD). To quantify PLA
signal, PLA-red channel remained hidden during cell identification process. Automated
counting involved selection and cropping of each region of interest, Z-Stack projection of
the PLA channel, subtraction of background with a rolling ball radius of 20 pixels and
finding maxima with a noise tolerance value of 6000-10000 depending on the experiment
and the background.

Radioligand binding assays

[3H]Ketanserin, [3BH]LY341495 and [3°S]GTPyS binding assays were performed as
previously reported (43-45, 47). The stoichiometry of 5-HT,aR density (as assessed by
[3H]ketanserin binding) and mGIuR2 density (as assessed by [2H]LY 341495 binding) is
similar to that previously observed in native tissue, such as mouse frontal cortex and
postmortem human frontal cortex (43-45, 47) and in cross-talk positive clones (46).

[CaZ*]; Mobilization assays

Two days before the assay, cells were plated onto poly-D-lysine coated 96-well plates
(Greiner Bio-One GmbH) and, 48 hours later, treated with doxycycline (1 puM) for 40 h.
Cells were washed with DPBS and loaded with 3 uM Fura 2-AM (Molecular Probes) in
imaging solution (5 mM KCI, 0.4 mM KH,PO,, 138 mM NacCl, 0.3 mM NayHPQOy4, 2 mM
CaCly, 1 mM MgCly, 6 mM glucose, 20 mM HEPES, pH 7.4) supplemented with pluronic
acid (20% solution in DMSO). After incubation for 30 min at 37°C, cells were washed twice
with washing buffer before being placed on the FlexStation 3 microplate reader (Molecular
Devices). The Fura-2 signal was acquired at 510 nm by switching the excitation wavelength
between 340/380 nm. Intracellular calcium concentration was expressed as a 340/380 nm
ratio, and values were normalized to the basal 340/380 nm ratio recorded during 30 seconds
before perfusion of the drug using Softmax Pro (Molecular Devices). To allow efficient
coupling of Gj/,-coupled mGIuRs to the PLC pathway, cells were also transfected with the
chimeric Ga protein Gaig (93). Concentrations of LY379268 were selected based on our
previous findings (47). Thus, activation of the canonical Gjj, protein-dependent pathway was
tested in the presence of LY 379268 (0.1 uM), but trans-activation of the Ggq1 protein-
dependent pathway was tested in the presence of LY379268 (10 uM and 100 uM).

Flow cytometry and immunofluorescence

Cells were treated with for 60 min with either DOI (1 pM), LY 379268 (10 uM), or vehicle,
or (overnight) with clozapine (10 uM) M100907 (10 uM) or vehicle. Cells were trypsinized,
washed with PBS, filtered through filter top tubes (35 um), resuspended in PBS
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supplemented with 1% FBS, and analyzed using a LSRFortessa X-20 Flow cytometer (BD
Bioscience). eCFP and eYFP were excited with a 405 nm and a 488 nm laser ling,
respectively. Emission filters were 525/50 and YFP-A. Quantification was carried out using
FCS Express v.5 (De Novo Software). Mean intensity values were determined by gating
25.5% or more of the total cell population. Imaging flow cytometry (Amnis ImageStreamX)
to measure colocalization of mGIuR2 or 5-HT,4R with the transferrin receptor at the single
cell level was performed as previously reported, using an Amnis ImageStream flow
cytometer (46). Cells were considered to present a colocalized signal between the receptor
constructs and transferrin receptor when their Bright Detail Similarity score was greater than
2. To detect cell surface receptors, cells were treated with DOI, LY 379268 or vehicle (60-
min treatment), or with clozapine, M100907 or vehicle (overnight treatment). Cells were
washed with ice-cold imaging buffer (PBS supplemented with 10% FBS) and incubated with
human mGIuR2 Alexa Fluor 647-conjugated antibody (R&D Systems, catalog no. IC4676R;
1:40) for 60 min on ice (~11-13°C). After two washes with ice-cold imaging buffer, cells
were resuspended in ice-cold imaging buffer and loaded into the flow cytometer. 405 nm,
488 nm and 640 nm lasers were used to excite eCFP, eYFP and AF647, respectively. Data
were subsequently gated and analyzed using the FCS Express 5 software.

SensorFRET

SensorFRET assays were performed as previously reported (68). Briefly, the fluorophores
associated with uneven expression levels between the donor and acceptor. The fluorophores
used as the FRET pair were eCFP (donor) and eYFP (acceptor) with quantum yields
assumed to be 0.40 and 0.61, respectively (95). This approach also requires knowledge of
the fluorophore emission shapes (for linear unmixing of the spectra) as well as the relative
molar extinction coefficients for the fluorophores at each excitation frequency (characterized
by the y parameter). The normalized emission shapes of both fluorophores as well as the
autofluorescence at each excitation frequency were determined experimentally. The -y
calibration term was also determined experimentally (y = 0.114), following a previously
described procedure (68). Imaging was carried out using a Zeiss 710 confocal LSM at
405nm and 458 nm excitation frequencies and a 32-channel spectral detector spanning an
emission range of 416nm to 718nm. In unfixed cells, short acquisition times (~600 ms) were
necessary to minimize the shift due to vesicle movement during the time needed to acquire
images at both excitation wavelengths. For assays involving TAT-tagged peptides, cells were
briefly fixed with PFA (1%) for 5 min to avoid background caused by PFA fixation. A
minimum of 30 cells were imaged for each experimental group. For the statistical analysis,
the measured FRET efficiency of each vesicle was considered a single observation. Strict
masking was carried out to include vesicles that met three criteria. First, only vesicles which
remained stationary between the 405 and 458 nm images were included because even at
short acquisition times, some population of vesicles showed appreciable movement. Second,
only vesicles with a donor to acceptor stoichiometry within the range of 1:10 to 1:1 were
included because the sensorFRET approach is not applicable when there are excess donor
fluorophores (68). Thus, below a 1:10 ratio the donor signal is so small that it is difficult to
reliably distinguish it from auto fluorescence and noise. The stoichiometry was estimated by
comparing the ratio of the donor and acceptor direct excitation in experimental vesicles to a
unimolecular construct (both CFP and YFP are encoded as part of the same protein) where
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the stoichiometry is known to be 1:1. Marks were drawn only over pixels that showed
colocalized eCFP and eYFP signal from both 405 nm and 458 nm images. Finally, only
vesicles consisting of greater than 5 pixels were included so that mis-localization of proteins
to small non-vesicle features was excluded, allowing each vesicle observation to be the
average of multiple spectra and improving the signal to noise ratio.

Electron Microscopy

Electron microscopy assays were carried out as previously reported with minor
modifications (45). Briefly, four mice (8 — 12 weeks old) per genotype were deeply
anesthetized and perfused transcardially with 2% dextran (MW 70,000) in 0.1 M phosphate
buffer (PB, pH 7.4), and then with a mixture of 4% paraformaldehyde and 0.125%
glutaraldehyde in phosphate buffered saline (PBS). Brains were removed and post-fixed in
the same perfusate overnight at 4°C. Approximately 0.5-mm-thick coronal slices were
dissected from the regions of interest. Tissue blocks through superficial layers of prefrontal
cortex were embedded in Lowicryl HM20 resin (Electron Microscopy Sciences, Fort
Washington, PA) by freeze substitution and low-temperature embedding of the specimens
using methods previously described (96-98). Briefly, slices were cryoprotected by
immersion in 4% D-glucose, followed with increasing concentrations of glycerol (from 10%
to 30% PB). Sections were plunged rapidly into liquid propane cooled by liquid nitrogen
(-190°C) in a Universal Cryofixation System KF80 (Reichert-Jung, Vienna, Austria). The
samples were immersed in 0.5% uranyl acetate dissolved in anhydrous methanol (-90°C, 24
h) in a cryosubstitution AFS unit (Leica, Vienna, Austria). The temperature was raised from
—-90°C to —45°C in steps of 4°C/h. After washing with anhydrous methanol, the samples
were infiltrated with Lowicryl HM20 resin at —45°C. Polymerization with ultraviolet light
(360 nm) was performed for 48 h at —45°C, followed by 24 h at 0°C. Ultrathin sections (80
nm) were cut using a diamond knife on a Leica UC7 ultramicrotome, and mounted on 300
mesh nickel grids (EMS) coated using a Coat-Quick adhesive pen (EMS). Grids with
sections were incubated in 0.1% sodium borohydride and 50 mM glycine for 6 minutes at
room temperature, washed and incubated for 10 min in Tris-buffered saline with 0.1% Triton
X-100 (TBST) containing 2% albumin. For immunolabeling, sections were incubated
overnight in primary anti-mGIuR2 antibody (Abcam, mouse monoclonal antibody catalog
no. 15672, 10 ug/ml) in the same diluent as above, washed with TBST, and incubated with
secondary anti-goat 10 nm gold-tagged antibody (EMS; 1:20) in TBST (2% albumin and
polyethyleneglycol 20,000; 5 mg/ml) for two hours, washed and counter-stained with 1%
uranyl acetate (ag.). The specificity of the primary antibody against mGIuR2 was previously
confirmed in experiments with knockout mice (45). Grids were viewed on a Hitachi 7000
transmission electron microscope and imaged at a final captured image magnification of
130K. Imaging concentrated on deep layer 2-3 of the prefrontal cortex. Excitatory
(asymmetric) glutamatergic synapses were identified by the presence of a thickened
postsynaptic density, synaptic cleft, and clusters of round presynaptic vesicles (99). A
synapse was scored as immunolabel-positive if it contained at least 3 gold particles in the
synaptic compartments described above, and 25-35 labeled synapses were imaged per
animal/group. Overall, ~90% of labeled synapses showed gold particles associated within
the postsynaptic element, though a small population of synapses contained gold particles
limited to its presynaptic compartment. Gold particle distribution with respect to
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plasmalemma was scored for each postsynaptic site as membrane only, intracellular only, or
both. Membrane labelling was defined by gold particles falling within 25 n of the
plasmalemma (a distance defined by the approximate size of the primary and secondary
antibodies).

Data acquisition and statistical analysis

Statistical analysis was performed with a GraphPad Prism software version 8.
Immunocytochemical assays were acquired using confocal fluorescence microscopy at
identical settings for each of the experimental conditions. For colocalization assays, raw 16-
bit image files (.czi) were imported into the Carl Zeiss ZEN software (Black version) and/or
Fiji version 2.0.0 with Coloc 2 plugin. To assess colocalization, Pearson’s and/or Manders’
coefficients were calculated because these colocalization coefficients are based on pixel-
intensity-correlation measurement and do not include object-recognition approaches.
Pearson’s coefficient, which ranges from +1 (total positive linear correlation) to -1 (total
negative correlation; 0 defines absence of linear correlation) is sensitive to both signal
cooccurrence and the more rigorous condition of signal correlation (pixel-for-pixel
proportionality in the signal levels of the two channels). However, unlike Pearson’s
correlation coefficient, Manders’ fractional overlap coefficients (M1 and M2), which
measure the fraction of a probe in a probe-tagged compartment and range from 0 (no
overlap) to 1 (perfect overlap), strictly measures cooccurrence independent of signal
proportionality (100, 101). Colocalization of two fluorescently labelled GPCR constructs (5-
HT,aR-eCFP and mGIluR2-eYFP) was assessed both by Manders’ and Pearson’s
coefficients, whereas colocalization of a fluorescently labelled GPCR construct with a
marker of endosomal vesicles (Rab5) was assessed by Manders’ coefficient. Both Manders’
and Pearson’s coefficients within the region of interest were calculated after setting single
color thresholds by either colocalizing single probe channels or manually defining a
threshold mask upon background subtraction in all channels using Rolling Ball Radius of the
largest object in the image (~ 20 — 30 um). Colocalization was scored in at least 25 cells per
experimental condition in three independent assays where the experimenter was blinded to
the experimental conditions. For Manders’ and Pearson’s coefficients, cell regions of interest
were demarcated according to the eYFP signal located at the plasma membrane as a
potential cell surface marker. For FRET signal, pixels of interest were demarcated based on
their intracellular colocalization of eCFP and eYFP signal. For PLA signal, cell regions of
interest were demarcated according to e YFP signal within previously defined eCFP-positive
cells. For intracellular eYFP signal, cell regions of interest were randomly demarcated based
on eCFP signal within intracellular vesicles. Signal intensity for intracellular eYFP was
assessed with the Carl Zeiss ZEN software (Black version). The laser intensity was kept
constant among all experimental conditions. Straight-line selections were drawn from the
plasma membrane to the nucleus or across the cytoplasm, and pixel intensities across the
line were measured using plot profile in Fiji. Pixels with maximum and minimum intensities
were normalized to 100 and 0O, respectively. The statistical significance of experiments
involving three or more groups and two or more treatments was assessed by two-way
ANOVA followed by Bonferroni’s post hoc test. Statistical analysis of experiments
involving three or more groups was assessed by one-way ANOVA followed by Bonferroni’s
post hoc test. Statistical analysis involving two groups was assessed by Student’s #test. For
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FRET analysis, statistical analysis was assessed by Mann-Whitney U test or one-way non-
parametric ANOVA (Kruskal-Wallis) with Dunn’s post hoc test because FRET datasets
show a Cauchy distribution with heavier tails. Radioligand binding saturation curves were
analyzed using a nonlinear curve fitting approach. An extra-sum-of-squares (#test) was used
to determine statistical significance for simultaneous analysis of binding saturation curves
and [3°S]GTP+yS binding assays. The level of significance was set at 2= 0.05. Values
included in the figure legends represent mean £ SEM, except for FRET assays where figure
legends represent median with 95% confidence interval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 5-HT7aR affectslocalization of mGluR2.
(A and B) Representative confocal micrographs of HEK293 cells transfected to express 5-

HT,aR-mCitrine (A) or c-Myc-5-HT,aR (B). Nonpermeabilized cells were imaged to detect
mCitrine (A), whereas permeabilized cells were stained with anti-c-Myc and secondary
antibody, and imaged to detect anti-c-Myc (B). (C to E) HEK293 cells were transfected to
express mGIluR2-mCitrine alone (C), 5-HT,aR-mCherry alone (D), or 5-HT,aR-mCherry
and mGluR2-mCitrine (E; for the corresponding line scan, see fig. S1A). (F) BiFC signal in
HEK?293 cells transfected to coexpress 5-HT,aR-mCi-N172 and 5-HT,,R-mCi-C67, 5-
HT2aR-mCi-N172 and mGIluR2-mCi-C67, or 5-HT,aR-mCi-N172 and mGluR2-mCi-C67.
Nuclei were stained in blue with Hoechst. Scale bars, 5 pm.
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Fig. 2. Effect of 5-HT AR on localization of MGIUR2 requires heteromerization.
(A tol) Flp-In T-REx HEK293 cells stably expressing mGluR2-eYFP (A, D and E),

mGIuR3-eYFP (B, D and F), mGIuR2ATM4-eYFP (C, D and G), or yOR-eYFP (H and I)
and harboring 5-HT,aR-eCFP at the inducible locus were left untreated [DOX(-)] or treated
with doxycycline [DOX(+)]. Representative confocal micrographs (A to C and H) and
corresponding line scans (E to |). (D) Manders’ coefficient colocalization analysis of eYFP-
and eCFP-tagged constructs (n = 25 — 33 cell regions of interest in three independent
experiments). (J a vwnd K) Effect of the mGIuR2/3 agonist LY379268 on [3°S]GTPyS
binding in membrane preparations of Flp-In T-REx HEK293 cells stably expressing
MGIuR2-eYFP (J) or mGIuR2ATM4-eYFP (K) and harboring 5-HT,R-eCFP at the
inducible locus. Cells were left untreated [DOX(-)] or treated with doxycycline [DOX(+)]
(representative results of three independent experiments performed in duplicate). (L and M)
Flp-In T-REx HEK?293 cells stably expressing mGluR2-eYFP or mGIUR2ATM4-eYFP and
harboring 5-HT,AR-eCFP at the inducible locus were left untreated [DOX(-)] or treated
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with doxycycline [DOX(+)], loaded with Fura-2 and monitored for intracellular Ca2*
concentration ([Ca2*];) after sequential administration of LY341495 and/or LY379268, or
vehicle. Representative time course of Ca?* release. The arrowhead indicates the time when
drugs were added (L ). Analysis of the fold increase in intracellular calcium concentration
(M; n =4 -8 independent experiments). Data are mean = SEM (D and J to M). Statistical
analysis was performed using the one-way (D) or two-way (M) ANOVA with Bonferroni’s
post hoc test, or the Ftest (J and K). *P< 0.05, **P< 0.01, ***P< 0.001, n.s., not
significant. Scale bars, 5 um.
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Fig. 3. Intracellular localization of the 5-HToaAR-mGIuR2 complex.
(A to C) SensorFRET analysis of Flp-In T-REx HEK293 cells stably expressing mGIluR2-

eYFP (A and C) or mGIuR2ATM4-eYFP (B and C), harboring 5-HT,aR-eCFP at the
inducible locus, and treated with doxycycline. Representative live-cell confocal images at
405 nm and 458 nm excitation frequencies (A and B), and quantification (C) of FRET
efficiencies (n = 249 — 364 regions of interest in three independent experiments). (D to F)
Flp-In T-REx HEK?293 cells stably expressing mGluR2-eYFP (D and F) or mGIuR2ATM4-
eYFP (E and F) and harboring c-Myc-5-HT,R-eCFP at the inducible locus were treated
with doxycycline, permeabilized and stained with anti-rabbit antibody selective for c-Myc
and anti-mouse antibody selective for mGIuR2, followed by incubation with species-specific
PLA probes. Representative confocal micrographs of eCFP- or eYFP-tagged constructs and
PLA signal (cyan dots, Z-stack projection) (D and E). Quantification of PLA dots (F). Note
that PLA signal was decreased in DOX(-) cells, or when primary antibodies were not added
(n =57 — 94 cell regions of interest demarcated according to e YFP signal within previously
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defined eCFP-positive cells in three independent experiments). Data are median with 95%
confidence interval (C) or mean £ SEM (F). Statistical analysis was performed using Mann-
Whitney U test (C) or one-way ANOVA with Bonferroni’s post hoc test (F). ***P< 0.001.
Scale bars, 5 pm.
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Fig. 4. Agonist activation of either 5-HT AR or mGIuR2 differentially affects mGIuR2
trafficking and downregulation.

(Ato F, N and Q) Flp-In T-REx HEK?293 cells stably expressing mGluR2-eYFP and
harboring c-Myc-5-HT,aR-eCFP at the inducible locus were left untreated [DOX(-)] or
treated with doxycycline [DOX(+)], and exposed for 60 min to serotonin (5-HT, 1 uM), DOI
(1 uM) or LY 379268 (10 uM), or vehicle. Cells were then permeabilized and stained with
anti-Rab5 or anti-Rab7 and secondary antibody, and imaged by confocal microscopy to
detect eCFP, eYFP, anti-Rab5, or anti-Rab7. Representative confocal micrographs (A and C;
for the corresponding line scan, see figs. S1B to S1F), and Manders’ coefficient
colocalization analysis of anti-Rab5 (B, E, F, N and Q; n = 33 — 134 cell regions of interest
in three independent experiments) or anti-Rab7 (D; n = 48 — 49 cell regions of interest in
three independent experiments) and eYFP-tagged construct. (G) Cells were incubated (60
min; 10 pM) with TAT-fused peptides corresponding to TM1 (TAT-TM1) or TM4 (TAT-
TM4) of mGIuR2, or scrambled control peptide and then processed for sensorFRET (n =
248 — 393 regions of interest in three independent experiments). (H and T) Manders’
coefficient colocalization analysis of anti-Rab5 and eYFP-tagged construct. Cells were
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exposed for 60 min to DOI (1 pM, H), LY379268 (10 UM, T), or vehicle. TAT-tagged
peptides (10 uM) were added 5 min before drug or vehicle administration (n = 27 — 103 cell
regions of interest in three independent experiments). (I, P and R) Manders’ coefficient
colocalization analysis of anti-Rab5 and eYFP-tagged construct. Cells were exposed for 60
min to DOI (1 pM, 1), LY 379268 (10 uM, P and R), or vehicle. Dynasore (80 uM) was
added 5 min before drug or vehicle administration (n = 28 — 88 cell regions of interest in
three independent experiments). (J, O and S) Cell surface localization of mGluR2-eYFP
assessed by flow cytometry assays with an Alexa Fluor 647 (AF647)-tagged antibody. Cells
were exposed for 60 min to DOI (1 pM, J), LY379268 (10 uM, O and S), or vehicle.
Dynasore (80 pM) was added 5 min before drug or vehicle administration (n=3 -6
independent experiments with 8508 — 10048 cells per experimental condition). (K, U and V)
Density of mGIuR2 shown as [3H]LY 341495 binding in membrane preparations of DOX(+)
(K and V) or DOX(-) (U) cells exposed for 60 min to DOI (1 uM, K), LY 379268 (10 uM, U
and V), or vehicle. Data are shown as percentage of specific binding in DOI- or LY 379268-
treated cells as compared to vehicle (n = 4 independent groups of membrane preparations).
(L and M) Cells were exposed for 60 min to DOI (1 uM), LY 379268 (10 uM), or vehicle.
Quantification of FRET efficiencies (L, n = 281 — 536 regions of interest in three
independent experiments). Quantification of PLA dots (M, n = 82 — 148 cell regions of
interest demarcated according to eYFP signal within previously defined eCFP-positive cells
in three independent experiments). Data are mean = SEM (B, D to F, H to K, M to V) or
median with 95% confidence interval (G and L). Statistical analysis was performed using
Student’s #test (B, D, F, K, N, Q, U, V), one-way ANOVA with Bonferroni’s post hoc test
(E,1,J,M, O, P, and R to T), two-way ANOVA with Bonferroni’s post hoc test (H), or
one-way non-parametric ANOVA (Kruskal-Wallis) with Dunn’s post hoc test (G, L). *P<
0.05, **P<0.01, ***P< 0.001, n.s., not significant. Scale bars, 5 pm.
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Fig. 5. Clozapine treatment affects mGIuR2 trafficking and downregulation through 5-HT 24 R-

mGIluR2.

(A) Representative confocal micrographs of Flp-In T-REx HEK293 cells harboring 5-
HT,AR-eCFP at the inducible locus were treated with doxycycline, and then exposed

overnight to M100907 (10 uM), altanserin (10 pM) or clozapine (10 uM), or vehicle. (B to
R) Flp-In T-REx HEK?293 cells stably expressing mGluR2-eYFP (B, C, D, F, G, I, and L to
R), mGIuR2ATM4-eYFP (C, E), or mGIuR3-eYFP (H, J) and harboring 5-HT,5R-eCFP at
the inducible locus were treated with doxycycline and then exposed overnight to clozapine
(10 uM or 50 pM) or M100907 (10 uM), or vehicle. Representative confocal micrographs
(A, B, E; for the corresponding line scan, see figs. S1K to S10). (C) Manders’ coefficient
colocalization analysis of eYFP- and eCFP-tagged constructs (n = 30 — 74 cell regions of
interest in three independent experiments). (D) Manders’ coefficient colocalization analysis
of eYFP- and eCFP-tagged constructs in cells stably expressing mGIluR2-eYFP and
harboring 5-HT,aR-eCFP at the inducible locus. Cells were treated with doxycycline, and
then exposed overnight to clozapine (10 uM) or M100907 (10 uM), or vehicle. TAT-tagged

peptides were added both 5 minutes before clozapine or vehicle administration and 65
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minutes before cell fixation (n = 44 — 98 cell regions of interest in three independent
experiments). (Fto H, N, O, Q, R) Cell surface localization of mGluR2-eYFP with an
Alexa Fluor 647 (AF647)-tagged antibody (N, O, Q) and mGIluR2-eYFP (F, G, R) or
mGIuR3-eYFP (H) density with eYFP were assessed by flow cytometry assays (n=3 -5
independent experiments with 8148 — 10418 cells per experimental condition). (I to K)
Density of mGIuR2 (1), mGIuR3 (J) or mGIuR2ATMA4 (K) shown as [3H]LY 341495 binding
in membrane preparations of cells exposed overnight to clozapine (10 uM), or vehicle (n =4
independent groups of membrane preparations). (L) Quantification of FRET efficiencies (n
= 315 - 364 regions of interest in three independent experiments). (M) Quantification of
PLA dots (n = 160 — 253 cell regions of interest demarcated according to eYFP signal within
previously defined eCFP-positive cells in three independent experiments). (P) Intracellular
eYFP signal in cells stably expressing mGluR2-eYFP and harboring 5-HT,AR-eCFP at the
inducible locus. Cells were treated with doxycycline, and then exposed overnight to
clozapine (10 pM), or vehicle (n = 73 — 68 cell regions of interest demarcated based on
eCFP signal within intracellular vesicles in three independent experiments). Data are mean +
SEM (C, D, Fto K, and M to R) or median with 95% confidence interval (L). Statistical
analysis was performed using Student’s #test (G to K, M, and O to R), one-way ANOVA
with Bonferroni’s post hoc test (D, F and N), two-way ANOVA with Bonferroni’s post hoc
test (C), or Mann-Whitney U test (L). **P< 0.01, ***P< 0.001, n.s., not significant. Scale
bars, 5 um.
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Fig. 6. Localization of mGIuR2 isdysregulated in the frontal cortex of 5-HT2AR'/‘ mice.
(A and B) Colocalization analysis of anti-mGIuR2 and anti-Rab5 immunoreactivity in

cortical primary cultures of 5-HT,4R** and 5-HT 4R~ mice. Representative confocal
micrographs (A). Manders’ coefficient colocalization analysis (B; n = 30 — 74 cell regions of
interest in two independent experiments). Nuclei were stained in blue with Hoechst. (C and
D) Immunogold labeling for anti-mGIuR2 immunoreactivity in the frontal cortex of 5-
HT24R"* and 5-HT,4R™~ mice (n = 4 mice per genotype and 25 — 35 synapses per mouse).
Representative photomicrographs showing excitatory synapses in mouse frontal cortex (C).
Quantification of relative distribution of gold particles within postsynaptic spines (C). Data
are mean + SEM (B and D). Statistical analysis was performed using Student’s #test (B), or
two-way ANOVA with Bonferroni’s post hoc test (D). *P< 0.05, ***P < 0.001, n.s., not
significant. Scale bars, 5 um (A) and 100 nm (C).
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