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Abstract: G protein-coupled receptors (GPCRs) constitute the largest group of membrane receptor
proteins controlling brain activity. Accordingly, GPCRs are the main target of commercial drugs for
most neurological and neuropsychiatric disorders. One of the mechanisms by which GPCRs regulate
neuronal function is by homo- and heteromerization, with the establishment of direct protein-protein
interactions between the same and different GPCRs. The occurrence of GPCR homo- and heterom-
ers in artificial systems is generally well accepted, but more specific methods are necessary to ad-
dress GPCR oligomerization in the brain. Here, we revise some of the techniques that have mostly
contributed to reveal GPCR oligomers in native tissue, which include immunogold electron micros-
copy, proximity ligation assay (PLA), resonance energy transfer (RET) between fluorescent ligands
and the Amplified Luminescent Proximity Homogeneous Assay (ALPHA). Of note, we use the ar-
chetypical GPCR oligomer, the adenosine A,a receptor (A;aR)-dopamine D, receptor (D,R) heter-
omer as an example to illustrate the implementation of these techniques, which can allow visualiz-
ing GPCR oligomers in the human brain under normal and pathological conditions. Indeed, GPCR
oligomerization may be involved in the pathophysiology of neurological and neuropsychiatric dis-

orders.
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1. INTRODUCTION

G protein-coupled receptors (GPCRs), also known as
seven transmembrane (7TM) domain receptors or heptaheli-
cal receptors, constitute the largest group of proteins (~800)
in our genome [1]. There are different classification systems
for GPCRs. The classical A-F system distinguishes six clas-
ses of GPCRs based on their amino acid sequences and func-
tional similarities [2], while the more recent GRAFS system
[Glutamate (G), Rhodopsin (R), Adhesion (A), Friz-
zled/Taste2 (F), and Secretin (S)] is based on the phylogenet-
ic origin [3, 4]. From these classes, the largest group (~80 %)
of GPCRs is class A (Rhodopsin family), which includes
receptors for light, hormones or neuromodulators [3, 4].
Class A has been the most studied group, but most of the
uncovered general principles are applied to the other GPCR
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classes [5]. GPCRs have 7TM helices and are associated with
the heterotrimeric guanine nucleotide-binding proteins (G
proteins) [5]. When a ligand binds and activates a GPCR ex-
pressed at the cell plasma membrane, the receptor interacts
and promotes the activation of a specific G protein, leading to
activation of different cellular signaling pathways [6, 7].
GPCRs can also activate G-protein independent signaling sys-
tems, such as the arrestin pathway [8]. Arrestin-mediated cel-
lular actions have gained interest in the past few years, due to
the emergence of pharmacological concepts such as functional
selectivity or biased signaling [9-12]. A functionally selective
ligand can preferentially trigger the activation of a G protein-
dependent or a G protein-independent and arrestin-dependent
signaling pathway. As a result, this biased activation could
lead to different responses generated by from the same recep-
tor, depending on the tissue where receptors are located.
Moreover, protein-protein interactions may lead to the selec-
tive activation of different subpopulations of receptors, lead to
the selective activation of a subpopulation of receptors [9-12].
One of the molecular mechanisms proposed can explain func-
tional selectivity and the complexity of GPCR pharmacology

© 2022 Bentham Science Publishers
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is the formation of receptor complexes, in which a direct pro-
tein-protein interaction between two receptors is established
[10-12]. This phenomenon is known as GPCR oligomeriza-
tion. Although some controversy still exists regarding the ex-
istence of GPCR oligomerization [13], this phenomenon is
becoming an important focus in drug discovery, especially
when developing drugs targeting the central nervous system
(CNS), where multiple receptors coexist in small subcellular
spaces (i.e., synaptic cleft). Hence, the integration of different
signals by complexes of different GPCRs may allow the fine-
tuning modulation of cellular responses to neurochemicals
[14]. Accordingly, drugs acting at GPCR oligomers may offer
therapeutic advantages for the treatment of diseases where
traditional drugs have failed or exhibit poor efficacy [14, 15].

The occurrence of GPCR oligomerization was first postu-
lated in the 1980s, when seminal work by Fuxe, Agnati and
collaborators led to the hypothesis that clusters of receptors
worked as integrative units in the CNS [16, 17]. This hy-
pothesis was first supported by indirect evidence, such as the
modulation of neuropeptides on the binding of monoamines
to their receptors or the detection of receptor species show-
ing twice the expected molecular size in western-blot exper-
iments [18-21]. Based on these data, the study of GPCR oli-
gomerization gained increasing attention, and several new
tools were developed to detect GPCR oligomerization in
living cells. Resonance energy transfer (RET), which was
first described by Theodor Forster in the late 1940s [22], has
been the most popular and probably most reliable of them.
However, RET-based experiments in living cells require the
fusion of fluorescent/bioluminescent proteins to the receptors
of interest [23]. Accordingly, most of the results obtained
with RET experiments indicating GPCR oligomerization
have been accomplished in heterologous expression systems
where receptors are fused with other proteins and expressed
out of their physiological context. Indeed, the study of
GPCR oligomerization in native receptors has remained a
challenge; hence, the most valuable demonstrations of GPCR
oligomerization are represented by the artificial crystalliza-
tion of class A GPCR dimers [24-26].

One of the main examples illustrating the progress in the
GPCR oligomerization field is the study of the adenosine
Aja receptor (AzaR)-dopamine D, receptor (D,R) heteromer.
The oligomerization between A;sR and D,R within GA-
BAergic, enkephalinergic, striato-pallidal neurons in the stri-
atum was postulated at the beginning of the 1990s [27, 28].
As recently reviewed [29], the crosstalk and allosteric inter-
actions between these two class A GPCRs in the striatopal-
lidal neurons may allow the fine tuning of some striatal func-
tions (i.e., control of voluntary movements). As initially hy-
pothesized [30], AyaR antagonists have been introduced as
an adjuvant treatment to L-DOPA in Parkinson’s disease
based on an allosteric modulation in the A,,R-D,R heterom-
er [27-29, 31, 32]. Prior to the investigation of AR antago-
nists as potential drugs for Parkinson’s disease treatment, the
existence of A,4R-D,R heteromers was extensively studied
in heterologous expression systems by using RET-based
approaches[31, 33-37]. The oligomeric interface was further
explored and some critical residues within intracellular and
transmembrane domains were identified as responsible for
the interaction [37, 38]. In addition, the first attempts to
prove direct receptor oligomerization in native tissues were
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made. Both receptors co-immunoprecipitated in rat striatum
homogenates and, more importantly, they were closely co-
localized in striatal neurons, as shown with immunogold
electron microscopy (immunogold EM) [34]. Nonetheless,
classical biochemical techniques, including co-immuno-
precipitation, in situ hybridization and immunohistochemis-
try, may suggest colocalization but do not demonstrate the
existence of GPCR oligomers in native tissue. In co-
immunoprecipitation, one of the receptors present in a cell
lysate is recognized with an antibody, immobilized, purified
and then detected by western blotting [39]. However, it is
difficult to detect low affinity or transient interactions and it
is not possible to conclude that a direct interaction occurs. In
addition, membrane proteins are often solubilized with de-
tergents, fostering the artificial aggregation or disaggregation
of putatively interacting proteins [39]. Another disadvantage
is that immunoprecipitation does not provide information on
the neuron population and neuronal compartment where the
molecular interaction is taking place. In addition, the inaccu-
racy inherent to the dissection of a specific brain region due
to its anatomical shape or location, added to the softness of
the fresh tissue, as well as the proteolytic degradation pro-
duced when samples are not processed immediately after
brain extraction (i.e., human post-mortem tissue), are also
important drawbacks [40]. On the other hand, immunohisto-
chemical approaches have anatomical resolution and permit
visualizing receptors colocalizing in the same neuron, but,
due to their restricted spatial resolution, they cannot demon-
strate the establishment of direct protein-protein interactions
[40]. For instance, the formation of macromolecular com-
plexes for GIRK channels and associated proteins like
RGS7, GBS, and GABAGp receptors was inferred after detec-
tion of their overlapping expression profiles in the hippo-
campus and cerebellum [41-44].

Overall, these classical biochemical techniques such as
co-immunoprecipitation are not sufficient to demonstrate
oligomerization in native tissue. Accordingly, novel tech-
niques have been developed to detect GPCR oligomers be-
tween unmodified receptors in their native environment. This
is exemplified by studies performed to detect AyaR-D,R het-
eromers, which include immunogold EM, the proximity liga-
tion assay (PLA) and RET using fluorescent ligands [45].
These studies were performed in rodents and non-human
primates, but the demonstration of A;sR-D,R oligomeriza-
tion in post-mortem human brains was still missing. Recent-
ly, by means of an optimized PLA method and the novel
Amplified Luminescent Proximity Homogeneous Assay
(ALPHA), it has finally been possible to detect A;4R-D,R
heteromers in human necropsies [46, 47]. Here, we illustrate
and revise the strengths and weaknesses of all these tech-
niques (immunogold EM, PLA, RET between fluorescent
ligands and ALPHA), as techniques that have been instru-
mental in demonstrating the occurrence of GPCR oligomer-
ization (i.e., A;aR-D,R) in native tissue, and that have per-
mitted to overcome the challenge of detecting GPCR oligo-
mers in the human brain.

2. IMMUNOGOLD ELECTRON MICROSCOPY

Immunogold electron microscopy (immunogold EM), in
which detection is performed with secondary antibodies con-
jugated to gold particles, is a technique that allows the exam-
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ination and analysis of the subcellular localization of neuro-
transmitter receptors, ion channels and their associated pro-
teins in different brain regions and neuron populations.
Compared to optical microscopy, it provides higher spatial
resolution, higher sensitivity and renders good ultrastructural
and antigenicity preservation [48, 49]. There are two main
methodologies used in immunogold EM: pre-embedding and
post-embedding immunogold. In pre-embedding, immuno-
labelling steps are performed before samples are embedded
in resins required to facilitate ultrathin sectioning and per-
form EM, while in post-embedding immunolabelling steps
take place on embedded and ultrathin sections [48, 49]. Pre-
embedding is considered to be more sensitive than post-
embedding immunogold. In post-embedding, antigen preser-
vation may be hampered by cell fixation and by dehydration
and resin embedding. In addition, in post-embedding, anti-
bodies cannot penetrate into resins and, therefore, labelling is
restricted to the thin section surface [48, 49].

On the other hand, while pre-embedding is the most reli-
able manner to localize receptors at extrasynaptic and peri-
synaptic sites, post-embedding immunogold is considered a
better approach to localize receptors at post-synaptic densi-
ties (PSDs) of excitatory synapses [48, 49]. Another ap-
proach that can be used in immunogold EM is the sodium
dodecyl sulfate-digested freeze-fracture replica labelling
(SDS-FRL). There are three steps in freeze-fracture replica
of brain tissues, which are: i, fixation with paraformalde-
hyde; ii, freezing under high-pressure; and iii, replication by
deposition of carbon and platinum following fracturing, fol-
lowed by digestion of biological tissue [50]. Of note, sensi-
tivity and labelling efficiency in the replica are very high,
also because of the use of SDS. Thus, it is capturing and sta-
bilizing integral membrane proteins and preserving antigen-
icity [50].

The use of secondary antibodies conjugated with gold
particles of different sizes enables the simultaneous localiza-
tion of different proteins in the same neuronal compartments.
For this reason, these techniques have been successfully used
to assess GPCR oligomerization by measuring the distance
between gold particles corresponding to different proteins
[41, 42]. It is important to note that the distance is measured
between the gold particles, which have a small size (i.e., 5
and 10 nm), but the real distance between the proteins form-
ing a putative complex cannot be directly assessed. Indeed,
the maximum projected distance between epitope and gold
particle (two IgG diameters plus gold particle radius) will be
in the range of 20-30 nm [51]. Nevertheless, given that in
immunogold EM the spatial resolution is maintained, meas-
uring the distance between gold particles bound to the differ-
ent protomers allows a good estimation of their proximity
with high sensitivity. On the other hand, it is important to
note that the detection and quantification process could be
affected when receptors’ relative density is high, since some
particle overlapping could occur.

As mentioned above, the existence of A,,R-D,R heter-
omers in striatal neurons was firstly supported by means of
immunogold EM [34]. In the study by Cabello et al., triple
labelling was performed using three gold particles of differ-
ent sizes and showed the colocalization and proximity of
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mGlusR, D,R and A,,R along the extra-synaptic and peri-
synaptic plasma membrane of spines (Figs. 1A and B) [34].
Later on, it was possible to obtain further information by
measuring and quantifying the distance between immunopar-
ticles for D,R and A,,R in dendrites and spines (Fig. 1C),
demonstrating that both proteins were close to each other and
that those distances were significantly increased in an animal
model (6-OHDA striatal injection) of Parkinson’s disease
[52].

3. PROXIMITY LIGATION ASSAY

Proximity ligation assay (PLA) [53] is a technology that
overcomes classical immunohistochemistry and comple-
ments immunogold EM to reveal GPCR oligomerization
[54-58]. Thus, it allows to both visualize subcellular locali-
zation and detect transient or weak receptor-receptor interac-
tions. Like fluorescent immunohistochemistry and immuno-
gold EM, PLA is based on the detection of the pair of recep-
tors by primary antibodies, which are raised in different spe-
cies and then recognized by secondary antibodies. However,
in this case, the secondary antibodies are conjugated to sin-
gle strand complementary short DNAs. These DNA strands,
when in close proximity (around 16 nm), can interact and
generate an amplifiable circular DNA strand in the presence
of linear connector oligonucleotides. Then, the circular
strand serves as a template for a local rolling-circle amplifi-
cation reaction that generates a product that can be detected
by hybridization with fluorescently labeled complementary
oligonucleotides [56]. The result of this process is the visual-
ization of each oligomer as distinct puncta (fluorescent dots)
by means of confocal microscopy. Of note, similar to immu-
nogold EM, the use of primary and secondary antibodies
(which can measure around 20-30 nm) leads to certain im-
precision to determine the real distance between proteins
forming a complex. On the other hand, a single signal (com-
ing from the interaction of the DNA strands) is obtained in
PLA. This may be an advantage on the detection and quanti-
fication process but depends on the relative receptors’ densi-
ty. Accordingly, a single signal is easy-to-count but, when
receptors’ density is high, secondary antibodies may hybrid-
ize with more than one partner, and several interactions can
be omitted.

The PLA technique critically depends on two major fac-
tors: the quality of the tissue and the primary antibodies [54].
Fixation avoids the mobility of receptors and possible ran-
dom collisions within the cell; thus, similar to EM, may al-
low to spatially localize where the GPCR oligomerization
takes place [54]. However, proper fixation is a critical step
for successful results. Poor or improper fixation dramatically
increases background and non-specific signals and makes it
hard to identify positive and specific signals. Indeed, it is
extremely recommended to include as many negative con-
trols (i.e., knock-out animals, different brain areas) as possi-
ble to discriminate the specific signal [56]. On the other
hand, over-fixation may blunt epitope recognition by anti-
bodies, again facilitating unspecific signals [56]. The recog-
nition of epitopes by antibodies depends on the preservation
of the conformation of the receptor. Accordingly, polyclonal
antibodies, which may be less affected by conformational
changes than monoclonal ones, are preferable in PLA [56].
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Fig. (1). Immunogold EM. (A) Schematic diagram showing the immunogold/EM-based approach for the detection of D,R and A,,R within a
synapse. Axon terminal (at), postsynaptic density (PSD). (B) Electron micrographs revealing the subcellular distribution of D,R and AR in
rat striatum, revealed using double-labelling post-embedding immunogold detection. Immunoparticles for D,R (15 nm size, arrows) and A,4R
(10 nm size, arrowheads) were detected along the extrasynaptic and perisynaptic plasma membrane of the same dendritic shafts (Den) estab-
lishing excitatory synaptic contact with at Scale bar: 0.2 pm. (C) Quantitative analysis of the spatial distance between D,R and A,5R im-

munoparticles. NND, nearest neighbour distance [52]. (4 higher resolution/colour version of this figure is available in the electronic copy of
the article).
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Fig. (2). Proximity ligation assay. (A) Schematic representation of in sifu PLA. Primary antibodies are used to detect D,R and A,sR (left
image). Next, the dual binding of a pair of proximity probes (secondary species-antibodies with attached DNA strands, illustrated in red and
blue) targeting the primary antibodies serves to template the hybridization of circularization oligonucleotides, which are then joined by liga-
tion by T4 DNA ligase (illustrated as green oval) into a circular ssDNA molecule (purple curvy circle) (middle image). The closed circular
ssDNA may serve as a template for the phi29 DNA polymerase which extends the 3'-OH ends of one of the PLA probes (blue) acting as a
primer for rolling circle amplification (RCA). Finally, the generated concatemeric product is hybridized with fluorescent oligonucleotide
probes (red spot) (right image). Extracted from [56]. (B) Representative images of dual recognition of D,R and AsR by in situ PLA in mouse
striatum (S). Both cortex (C) from wild-type mice and striatum (S) from AsaR™" were used as negative controls. (C) Quantification of PLA
signal for D,R and A,,R proximity in mouse striatum. Values correspond to the mean + SEM (PLA dots/nuclei) of at least 6 animals for con-
dition. ****: significantly different (P < 0.0001), as compared to the striatum of AyxR"" mice (one-way ANOVA with Dunnett’s multiple
comparison test). Adapted from [52]. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

PLA was successfully used to reveal A;4R-D,R heterom-
ers in native tissue from animal models (Fig. 2) [45, 52, 54].
However, it initially failed to detect these kinds of complex-
es in postmortem human brains. Recently, Javitch, Trifilieff
and collaborators were able to use PLA to detect A;nR-D,R
heteromers in the human brain [46]. Basically, they achieved

it by optimizing the fixation protocol. Thus, differently from
rodent brains, which are typically fixed by rapid intracardial
perfusion with paraformaldehyde, post-mortem human
brains are classically fixed by immersion and embedding in
paraformaldehyde and subsequent embedding in paraffin.
Here, the authors first optimized different immersion proto-
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cols in mice. Interestingly, they realized that nuclear back-
ground was further reduced upon immersion, thus providing
a novel approach to obtain specific PLA signals. On the oth-
er hand, they introduced another change, which consisted of
using a chromogenic substrate based on horseradish peroxi-
dase enzymatic activity instead of fluorescently labeled
probes. The use of horseradish peroxidase to reveal the PLA
signal dramatically reduced background [46]. This fact could
indicate that the high background observed in PLA using
fluorescent probes could be related with autofluorescent
components of tissues (i.e., lipofuscins), which may be taken
into account to avoid misinterpretation of the results [59].
Overall, together with the development of a superior auto-
mated quantification of PLA puncta, it was possible to final-
ly demonstrate the existence of A;sR-D,R heteromers in
human striatal (caudate nucleus) samples [46].

4. RET BETWEEN FLUORESCENT LIGANDS

Both immunogold EM and PLA may be considered out-
standing tools to reveal GPCR oligomerization in native tis-
sue. The main advantage of these techniques relies on their
ability to determine the possible spatial localization of the
oligomers. On the other hand, the need for antibodies and the
uncertainty about the actual distance between the two
GPCRs forming the complex are the main drawbacks. It is
important to note that antibodies are molecules larger than
150 kDa (10-15 nm), making it difficult to fully ensure that
the antibody-targeted receptors are in contact. Conversely,
RET-based approaches require real close proximity (<10
nm) between the two fluorophores that are virtually in con-
tact with the receptor, hence, they are indicative of GPCR
oligomerization [23].

RET is a nonradiative transfer of energy from an excited
(donor) to a relaxed chromophore (acceptor), which results
in light emission from the acceptor and an apparent decrease
of the emission of the donor [22]. The efficiency of the ener-
gy transfer depends on the distance between donor and ac-
ceptor molecules, which should be less than 10 nm. Apart
from the distance between chromophores, RET also depends
on the relative spatial localization of the molecules (dipole
orientation), their spectral overlap, quantum yields and ex-
tinction coefficients [22, 60-65]. One of the most common
pairs of chromophores used in RET experiments are variants
from the Green Fluorescent Protein (GFP), namely Cyan
Fluorescent Protein (CFP) and Yellow Fluorescent Protein
(YFP). Thus, a fluorescence RET (FRET) process can occur
when CFP and YFP are close together. If CFP is excited at
430 nm, it emits light at 480 nm, which may excite YFP and
lead to an emission at 530 nm. However, the use of fluores-
cent proteins as RET pairs is also one of the main drawbacks
of classical RET techniques. First, CFP and YFP excitation
and emission spectra partially overlap (phenomena known as
crosstalk and bleed-through). In addition, they may exhibit
some auto-fluorescence (emission in the absence of an excit-
ing beam), and they may be photobleached upon continuous
irradiation [23]. The use of lanthanide elements (i.e., europi-
um, terbium) as donor molecules can help overcome some of
these issues. These rare-earth elements exhibit a long-lived
emission that results in emission after the excitation source is
interrupted, and hence they allow a time-resolved (usually
about 50 us) FRET (TR-FRET) [66]. In addition, their exci-

Current Neuropharmacology, 2022, Vol. 20, No. 6 1039

tation peak is at 340 nm (UV-shifted compared to GFP ana-
logs), and thus they are compatible with acceptor molecules
(i.e., fluorescein, allophycocyanin) without overlap. Similar-
ly, the bleed-through is almost negligible, since lanthanides
emit a series of sharp emission peaks that may not contami-
nate the acceptor emission spectra [67-69]. Overall, TR-
FRET approaches may allow high temporal resolution and
spectral compatibility, which finally results in a high signal-
to-noise ratio required to detect GPCR oligomerization.

Both FRET and TR-FRET approaches, together with bio-
luminescent RET (BRET), in which the donor molecule is a
bioluminescent protein (i.e., Renilla luciferase, Rluc), have
been extensively used to reveal GPCR oligomerization [23]
in heterologous expression systems. For instance, A;AR-D,R
heteromers have been extensively detected in HEK293 cells
transiently expressing constructs fused to compatible donor
and acceptor molecules [33, 37]. By transfecting a constant
amount of A;4R tagged with the Rluc protein as a donor and
increasing amounts of D,R tagged with a YFP protein as an
acceptor, it was possible to obtain a saturable BRET signal,
indicative of a specific GPCR oligomerization [33, 37]. Up-
on these conditions, different mutations to the receptors were
introduced, in order to reveal the molecular determinants of
the A,,R-D,R interface. For instance, the mutation to alanine
of a rich arginine domain at the third intracellular loop of the
D;R led to a reduction in the BRET signal [37]. Similarly, by
using Bimolecular Fluorescence Complementation (BiFC)
and transmembrane-disruptive peptides it was possible to
selectively disrupt A;sR-D,R heteromers [70]. Thus, the
formation of the complexes, which was assessed by measur-
ing the reconstitution of the two halves of a fluorescent pro-
tein was blocked when incubating cells with peptides target-
ing the heteromeric interface [70].

Nevertheless, fusing receptors with fluorescent proteins to
engage in RET represents a major drawback (i.e., the need for
genetically modified receptors). Thus, this approach is incom-
patible with performing RET in native tissue and physiologi-
cally expressed unaltered receptors. Other strategies were en-
visioned to allow performing RET on native tissues, such as
the use of two fluorescently labelled selective ligands, which,
once bound to their respective receptors, could engage in RET.
The first use of this strategy to detect GPCR oligomers was
performed in rat mammary glands, where oxytocin receptor
homodimers were found [71]. Interestingly, the ligands were
based on a lanthanide (i.e. europium) as a donor and a red dye
(i.e. alexa647) as an acceptor [71]. Oxitocyn receptors are very
dense in mammary glands [71], and this particularly high ex-
pression of oxytocin receptors drove a very high signal-to-
noise ratio, which allowed the detection of such oligomers in
native tissue for the first time [71].

The oxytocin receptor study led to the development of an
adapted protocol to reveal A,5R-D,R heteromers in the stria-
tum, where A;sR and D,R are also enriched [52]. A D,R
antagonist (N-(paminophenethyl)spiperone) labelled with
terbium was used as a donor and an A;,R antagonist
(SCH442-416) conjugated to DY-647 was used as an accep-
tor (Fig. 3A). A specific TR-FRET signal was obtained after
incubating striatal membranes with fluorescent ligands (Fig.
3B) [52]. Nevertheless, A;4R-D,;R heteromer expression in
the brain is lower (at least 10 times) than that observed for
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Fig. (3). TR-FRET. (A) Diagram illustrating the principle of TR-FRET between fluorescent ligands bound to D,R and A,4R. NAPS™ and
SCH™ are selective D,R and A,sR antagonists, respectively. These antagonists are labelled with compatible fluorophores (i.e., Terbium and
Alexa649, respectively) for a TR-FRET process. (B) Membrane preparations from rat striatum (S) were labelled with NAPS™ (1 nM) plus
SCH™ (10 nM), which resulted in a TR-FRET signal (1* column). Incubation with cold ligands (1 pM of non-labelled NAPS or SCH) lead to
a significantly lower TR-FRET signal (2™ and 3™ columns). Membranes from the cortex (C) of the same rats (4™ column) and striatal mem-
branes from A,,R” mouse (5™ column) were used as negative controls of the TR-FRET signal. Data are expressed as means = SEM of three
independent experiments performed in triplicate. ****: significantly different (P < 0.0001) as compared to the striatum of A,4sR"" mice (one-
way ANOVA followed by Bonferroni’s test) [52]. (4 higher resolution/colour version of this figure is available in the electronic copy of the

article).

oxytocin receptors at mammary glands; thus the signal-to-
noise ratio obtained was much lower [71, 72]. This decrease
in sensitivity made it difficult to detect a positive TR-FRET
signal and, along with some adaptations of the original pro-
tocol, several controls and corrections were necessary [73].
In general, to obtain specific TR-FRET signal in these condi-
tions it is important to subtract: 1) the background signal
coming from the device and the autofluorescence of the
sample; 2) the signal resulting from non-specific TR-FRET
due to non-specific binding; 3) the signal due to direct exci-
tation of the acceptor; and 4) the signal caused by the bleed-
through of donor fluorescence into the acceptor emission
filters [73]. On the other hand, it is important to note that it
was not possible to use TR-FRET in fresh or fixed striatal
slices, but instead, striatal membranes were used [52]. Also,
it is important to note that the same strategy failed to detect
the same oligomer in human brain preparations. We hypoth-
esize that the nature of the necropsies, together with the vari-
able time and conservation protocols of tissue extraction,
could explain why this approach was unsuccessful in post-
mortem human brains.

5. ALPHA

Revealing GPCR oligomerization in human post-mortem
tissue may be the final goal of studies aimed at studying this
phenomenon. To our best of knowledge, to date, only two
techniques have succeeded. The first, as mentioned above, is
the PLA. The second is the Amplified Luminescent Proximi-
ty Homogeneous Assay (ALPHA), which is an assay based
on Luminescent Oxygen Channeling Immunoassay (LO-
CI™) [24]. In brief, the ALPHA consists of the use of two
types of latex nanobeads that, like RET, are donor and ac-
ceptor beads. Donor beads are loaded with a photosensitizer
(phthalocyanine), while acceptor hydrogel-coated beads con-
tain a chromophore (i.e., rubrene, europium). The donor bead
is excited at ~680 nm, which leads to the production of sin-

glet oxygen. This singlet of oxygen has a halftime life of 4
usec before reducing its energy to the ground state. Within
this time, the oxygen singlet can diffuse 200 nm in solution.
Therefore, if the acceptor bead is located in close proximity,
it can be excited and produce a luminescent/fluorescent sig-
nal [15]. It is important to note that the composition of the
acceptor bead determines the two ALPHA techniques, which
are ALPHAScreen and ALPHALisa. In ALPHAScreen, the
acceptor is coupled to thioxene, anthracene or, most com-
monly, to a rubrene molecule and emits a detectable light at
520-620 nm. In ALPHALisa, the acceptor bead is coupled to
europium, which has a sharp emission peak at ~615 nm.
Since the emission bandwidth is narrower, ALPHALIisa dis-
plays less susceptibility to artificial or natural interferences
than ALPHAScreen. In addition, its light emission is more
intense leading to higher signal-to-noise ratios.

A major advantage regarding the use of latex nanobeads
as donor and acceptor molecules is the high signal-to-noise
ratio. Accordingly, ALPHA may allow detecting GPCR oli-
gomers with superior sensitivity, either when the expression
is relatively low, as it happens in the brain as compared with
transfected mammalian cells, or when the interaction is weak
and difficult to detect. However, although these features help
in overcoming some of the problems observed when using
fluorescent ligands in RET, the ALPHA presents some
drawbacks common to immunohistochemistry, immunogold
EM or the PLA approach. Accordingly, the receptors form-
ing a putative complex need to be first detected by means of
primary antibodies, which can be readily recognized by sec-
ondary antibodies labelled with the latex nanobeads (with a
diameter of around 200 nm) subsequently. Accordingly, the
maximum projected distance between epitope and beads will
be around 200 nm, which is a distance much higher than EM,
PLA and, especially RET. In addition, it is also important to
consider that the APLHA is performed in membranes, thus
spatial information, like in RET, is lost. Indeed, ALPHA
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Fig. (4). ALPHA assay. (A) Diagram illustrating the principle of the ALPHA assay, in which the putative receptors forming an oligomer are
first recognized by primary antibodies, and these by secondary antibodies labelled with latex nanobeads compatible with eliciting an energy
transfer if they are in close proximity. (B) ALPHA signal obtained from striatal extracts of wild-type (A;aR"") and A,sR deficient mice
(A2aR™). Data are expressed as means = SEM of three independent experiments performed in triplicate. **P < 0.01 Student’s #-test. Adapted
from [47]. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Table 1. Techniques used to reveal GPCR oligomers in the brain.
- Immunogold EM PLA RET ALPHA
Fixation YES YES NO NO
Spatial resolution YES YES NO NO
Sensitivity ) ) T ™
Use of antibodies YES YES NO YES
Proximity ~25nm ~25-40 nm <10 nm ~200 nm

Abbreviations: EM, electron microscopy; PLA, proximity ligation assay; RET, resonance energy transfer; ALPHA, amplified luminescent proximity homogeneous assay.

does not allow assessing whether the interactions are occur-
ring at the plasma membrane or during the traffick-
ing/recycling of receptors.

As discussed previously, the ALPHA approach is the se-
cond assay, together with the PLA, that has permitted to re-
veal the existence of A;sR-D,R heteromers in human post-
mortem brains [47, 74]. In the first study using ALPHA [47],
purified caudate membranes from control and Parkinson’s
disease patients were evaluated. The samples were first incu-
bated with primary antibodies, and then, nanobead-labelled
secondary antibodies labelled were added. The assay was
also validated in striatal membranes of mice lacking the
AyaR, and in an animal model of Parkinson’s disease (Fig.
4). The results were comparable to those obtained by PLA
and TR-FRET. In addition, the signal-to-noise ratio obtained
led to the conclusion that the ALPHA could be applied for
revealing GPCR oligomers in native tissue [47]. Indeed, the
assay was next implemented in human brain membrane
preparations and a robust signal was obtained, as assessed by
the Z-value (statistical parameter that allows evaluation of
the assay’s robustness [17]). In the second study [74], puri-
fied caudate membranes from control and schizophrenic pa-
tients were used. Interestingly, ALPHALisa acceptor beads,
instead of ALPHAScreen [47] were used, in order to in-
crease the sensitivity (see above). Interestingly, a specific
ALPHA signal was observed, thus validating that different
combinations of antibodies and latex nanobeads can be used
to perform the ALPHA. Importantly, a significant and pro-
nounced reduction of A;AR-D,R heteromers was observed in

schizophrenic subjects, which may indicate that A,sR-D,R
heteromerization is involved both in the pathogenesis of
schizophrenia and, hence, involved in the therapeutic effects
of antipsychotic drugs [74]. Of note, the reduction in A,sR-
D,R heteromerization was opposite to the increase observed
in Parkinson’s disease patients [47]. Overall, the ALPHA is a
quantitative assay that allows detecting differences within
pathophysiological conditions in human tissue. Such differ-
ences could be considered a pathological fingerprint and,
eventually, could also lead to new therapeutic strategies
aimed at restoring AysR-D,R heteromer balance. Altogether,
the ALPHA should be regarded as a novel complementary
approach to reveal GPCR oligomerization in native tissue.

CONCLUSION

GPCRs are the most important targets for commercial
drugs; thus characterizing the biology of GPCRs is key to
improving the management of diseases in which GPCRs are
involved. GPCR oligomerization is a phenomenon that can
lead to the development of novel drug types. Accordingly,
reliable, and robust techniques to study GPCR oligomeriza-
tion in native tissues are desirable. Here, we have presented
the most reliable techniques available (immunogold EM,
PLA, TR-FRET between ligands and ALPHA). We have
showed the strengths and weakness of these techniques
(Table 1) and how these tools have allowed revealing A,sR-
D,R heteromerization, not only in animal models but also in
human post-mortem brains.



1042  Current Neuropharmacology, 2022, Vol. 20, No. 6

It is important to note that, by themselves, these biophys-
ical techniques can only demonstrate a very close proximity
between the putative directly interacting GPCRs, and we
cannot exclude that a positive result is due to a close co-
localization, due to a high co-expression into the same mem-
brane compartment or their presence in the same macromo-
lecular complex. Accordingly, further work is required to
validate true intermolecular interactions of the components
of a signaling complex. One possibility is the use of nano-
bodies, which are smaller in size than regular antibodies, and
hence, would allow to reduce the distance between actuators
in immunochemistry-based methods (i.e., spatial resolution)
and of RET tools (i.e., lower distances). On the other hand, it
is also important to note that the presented tools aim to as-
sess the establishment of direct receptor-receptor interac-
tions, but except RET, they do not allow to assess dynamic
changes. Thus, although many studies have suggested that
GPCR oligomers dimers are stable entities, it has been
shown that these complexes are indeed dynamic structures
on a milli-second timescale, where changes in the quaternary
structure can be driven by agonists or allosteric modulators
[75, 76]. Accordingly, detecting the dynamics of GPCR oli-
gomerization in unaltered receptors remain a challenge for
the field. Interestingly, this tool would be valuable to prove
the ability to restore/modulate a putative imbalance of GPCR
oligomers by targeting these complexes.

Overall, the recent progress and development of novel
technologies have allowed the identification of GPCR oli-
gomers in the brain. The further study of the molecular de-
terminants and functional properties of GPCR oligomers
may help in designing novel strategies to better manage a
number of pathologies in which GPCR oligomerization plays
a major role.
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