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Abstract

The existence of homo- and heteroreceptor complexes with allosteric receptor-receptor interactions
increases the diversity of receptor function including recognition, trafficking, and signaling. This phenom-
enon increases our understanding of how brain function is altered through molecular integration of recep-
tor signals. An alteration in specific heteroreceptor complexes or their balance/equilibrium with the
corresponding homoreceptors is considered to have a role in the pathogenic mechanisms that lead to
mental and neurological diseases, including drug addiction, depression, Parkinson’s disease, and schizo-
phrenia. However, despite extensive experimental work supporting the formation of these receptor com-
plexes in cellular models, their detection and visualization in the brain remained largely unknown until
recent years, when a well-characterized in situ proximity ligation assay (in situ PLA) was adapted to validate
the existence of GPCR homo- and heteroreceptor complexes in their native environment. In this chapter
we will describe the in situ PLA procedure as a high selectivity and sensitivity assay to detect and character-
ize GPCR homo- and heteroreceptor complexes and their balance and distribution ex vivo in the brain
by confocal laser microscopy. Herein, we outlined in detail the in situ PLA assay and how to use it in an
optimal way on work with formalin-fixed free-floating rat brain sections.
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1 Introduction

Nervous system-related diseases are highly complex in their etiology.
It is not surprising that the underlying pathological processes
are poorly understood and treatment possibilities are inadequate.
One emerging concept is that direct physical interactions of differ-
ent receptors named homo-/heteroreceptor complexes may be
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involved with disease onset and progression. Thus, these receptor
complexes could potentially serve as a biomarker and /or drug tar-
get of the disease [2—4]. Accordingly, the orthosteric targeting of
heteroreceptor complexes with pharmacological agents (i.e., biva-
lent ligands) and the disruption of the receptor-receptor interface
by means of interfering peptides may become new therapeutical
strategies [5]. Several groups have contributed to the development
of the concept of heteroreceptor complexes, in which receptors
physically interact to produce either an integrated regulation of
receptor tyrosine kinases [2, 5], ion channels [6], and /or an acti-
vation of intracellular signaling cascades generating changes in
gene expression [7].

Recently, GPCR heteroreceptor complexes were rigorously
collected, and their magnitude is represented in a global GPCR
heterodimer network (GPCR-HetNet; www.gpcr-hetnet.com) [ 8].
The results from the GPCR-HetNet indicate a scale-free model in
which some of the protomers dominate the connectivity and hold
the network together. Using two different hub criteria revealed
the following hubs in the network: the dopamine D2 receptor, the
beta-2 adrenergic receptor, the growth hormone secretagogue
receptor type 1, the mu-type opioid receptor, the secretin receptor,
the delta-type opioid receptor, the adenosine Al receptor, the ade-
nosine A2A receptor, and the cannabinoid receptor 1. Other highly
connected protomers were also identified. The emergence of
potential allosteric mechanism avenues and higher-order heterore-
ceptor complexes are also described. Although, in this work, the
homoreceptor complex information was excluded, the data high-
lighted that more than 87 % of the total numbers of protomers
identified exist as homoreceptor complexes too [8].

These direct interactions involving GPCRs were demonstrated
through diverse biophysical (FRET, BRET, BiFC) and biochemi-
cal or microscopy-based procedures (e.g., co-immunolocalization,
co-immunoprecipitation, radioligand binding, co-internalization
analysis) that assess receptor-receptor interactions in heterorecep-
tor complexes [1, 9-11]. Each methodology used has provided
precise and valuable information which was considered with cau-
tion in view of the limitations of the techniques. Some controversy
regarding some approaches also emerged [12, 13]. Nevertheless,
when these methods are properly assessed, it is possible to safely
demonstrate the direct interactions between GPCRs as well as their
dynamics [ 14, 15]. Novel technologies have also been developed,
such as real-time FRET experiments in living cells [16] and
dual-color fluorescence cross-correlation spectroscopy [17].
However, despite the extensive experimental results obtained with
these biophysical /biochemical techniques, supporting the forma-
tion of GPCR homo- and heteroreceptor complexes in heterolo-
gous systems, the existence of such receptor complexes in their
native environment (brain tissue) was not confirmed until recent
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years. Thus, a well-characterized in situ proximity ligation assay
(in situ PLA) was adapted to validate the existence of GPCR com-
plexes in cellular models first [ 18] and then in brain sections ex vivo
[2,5,7,19-23].

It should be highlighted that until now, most experimental
work was focused on the study of receptor-receptor interactions in
GPCRs as a phenomenon of binary interactions. In other words, it
was only focused on the understanding of face-to-face protomer-
protomer interactions and their allosteric receptor-receptor modu-
lation and functional specificities. However, the phenomenon of
GPCR oligomerization is a more complex and dynamic process,
which involves many more parameters than the classical analysis of
the interactions of the two protomers involved [24]. One emerg-
ing concept is that direct physical receptor-receptor interactions in
heteroreceptor complexes or altered balance with their homore-
ceptor complex populations can contribute to brain disease progres-
sion inter alia of Parkinson’s disease [ 3, 4, 25], depression [5, 26],
schizophrenia [21], Alzheimer’s, and addiction. When discussing
the role of GPCR heteroreceptor complexes, it is of substantial
interest to understand the balance/equilibrium between the cor-
responding homo- and heteroreceptor complexes in the plasma
membrane of the cell (Fig. 1). Consider a disruption or shift of this
balance as a mechanism of disease development could be impor-
tant in the discovery of pharmacological targets. We have sug-
gested that the introduction of'in situ PLA (Fig. 1) in combination
with Western blot, radioligand-binding experiments, and co-
immunoprecipitation could open a new window to the under-
standing of the importance of the balance of the corresponding
homo- and heteroreceptor complexes [19].

In this chapter, we will describe the in situ PLA procedure as a
high selectivity and sensitivity assay to study and characterize the
balance and distribution of GPCR homo- and heteroreceptor
complexes ex vivo in the brain using confocal laser microscopy,
including a detailed description of how to perform the assay in an
optimal way. At the end of the chapter, we will discuss the advan-
tages and disadvantages of this method compared to other avail-
able techniques.

2 The In Situ PLA: Principle of the Assay

The in situ PLA is a method that combines the dual recognition of
a probe-targeted assay with a split-reporter approach, creating
a selective and sensitive method for specific detection of two rec-
eptors in close proximity forming a homo- or heteroreceptor
complex [27]. In this method a pair of antibodies, in which
complementary oligonucleotides have been attached, is used to
target the receptor protomers in the receptor complex of interest.
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Fig. 1 On the understanding of the balance/equilibrium between GPCR homo- and heteroreceptor complexes
in cell populations in the brain. (Top righf) Schematic representation of the balance between different popula-
tions of A2AR-D2R heteroreceptor complexes and their corresponding homoreceptor complexes in a portion of
a neural membrane (D2R and A2A homoreceptor complexes are indicated in red and yellow colour respec-
tively). (Top leff) The panel represents an example of in situ PLA experiment performed in striatal free-floating
sections using primary antibodies of different species directed to adenosine A2A and dopamine D2 receptors.
The detected A2A-A2A homoreceptor complexes and A2A-D2R heteroreceptor complexes
are seen as red clusters (blobs, puncta) in each panel. (Boftom) Understanding the complexity of the balance
between A2AR-D2R and its homoreceptor complexes, iso A2AR- and iso D2R-heteroreceptor complexes, and
other A2A- and D2R-heteroreceptor complexes. Thus, it is clear that the stoichiometry and topology of the
complexes is unknown (e.g., A2AR-D2R=A2AR-A2AR + D2R-D2R +A2AR-A2AR-D2R +A2AR-D2R-D2R +
A2AR-A2AR-D2R-D2R + A2AR-A2AR-A2AR-D2R-D2R)

Only when the receptor protomers are in close proximity, i.e.,
interacting in a receptor complex, are the oligonucleotides attached
to the antibody able to join together. After hybridization of both
proximity probes, enzymatic ligation follows and a circular DNA
molecule is formed. This DNA circle strand is a surrogate marker
for the detected complexes and serves as a template for amplification
(rolling circle amplification (RCA)) using a highly efficient
polymerase (e.g., phi29 DNA polymerase). The long single-
concatemeric-stranded rolling circle product (RCP), attached to one
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of the proximity probes, is a result of the first round amplification,
displacing the newly created strand. The RCP is linked to the prox-
imity probe and, thereby, stays attached to one of the two protomer
of the receptor complex, allowing to reveal the location of the
receptor complex [28]. The RCPs are detected and visualized by
hybridization with fluorescent-labeled oligonucleotides comple-
mentary to the repeated sequences encoded in the RCPs, which
renders them visible for fluorescence microscopy (Fig. 1).

3 Materials

3.1 Buffers

1. Hoffman solution (cryoprotection for free-floating brain sec-
tions): 250 mL 0.4 M PBS, ethylene glycol 300 mL, 300 g
sucrose, 10 g polyvinylpyrrolidone, and 9 g NaCl. Add high
purity water to 1000 mL. Keep the resulting solution in a
freezer (cold storage: -20 °C).

2. Phosphate-buffered saline (PBS). PBS is prepared by mixing
0.23 g NaH,PO, (anhydrous; 1.90 mM), 1.15 g Na,HPO,
(anhydrous; 8.10 mM), and 9.00 g NaCl (154 mM). Then,
add H,O to 900 mL and, if needed, adjust to desired pH (7.2—
7.4) with 1 M NaOH or 1 M HCI. Finally, add H,O to 1 L,
filter, sterilize, and store indefinitely at 4 °C. PBS could also
be prepared at a 10x concentration (commercially available at
Sigma-Aldrich (Cat. No: P5493-1L)) and stored until dilution
into the working solution.

3. Glycine buffer (10 mM): dissolve 0.75 g glycine in 100 mL
PBS. Store at 4 °C.

4. Permeabilization buffer: 0.1 % Triton X-100 in PBS (e.g.,
0.1 mL Triton X-100 in 100 mL PBS). Store at 4 °C.

5. Blocking solution: Prepare the blocking solution by preparing
0.2 % BSA in PBS (e.g., 0.2 g in 100 mL PBS, stored at 4 °C).
Adjust the amount of reagents accordingly so that the total
volume is kept at 400 pL x well (12-well plate). Prepare this
solution fresh. This blocking solution can be replaced by, e.g.,
the Duolink blocking solution (Sigma-Aldrich) or the Odyssey
blocking buffer (Licor Biosciences). However, choose the
blocking agent best suited for the antibodies used. If animal
serum is used to replace the BSA, for example, the use of 5 %
sterile-filtered goat serum, make sure that it is sterile filtered, as
unfiltered serum may increase the amount of background
signals.

6. Primary antibodies and proximity probes (oligonucleotide-
labeled secondary antibodies), incubation buffer. We strongly
recommend to dilute the antibodies in the blocking solution
to be used (see above 5).
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3.2 Brain Tissue
Preparation

7.

10.

11.

12.

13.

14.

15.

Ligation buffer: 10 mM Tris-acetate, 10 mM magnesium
acetate, 50 mM potassium acetate, and pH 7.5 adjusted with
HCI. Stored at -20 °C [29].

. Hybridization-ligation solution: BSA (250 g/mL), T4 DNA

ligase (final concentration of 0.05 U /pL), Tween-20 (0.05 %),
NaCl 250 mM, ATP 1 mM, and the circularization or connec-
tor oligonucleotides (125-250 nM). Circularization or con-
nector oligonucleotides can be designed and synthesized as
described previously [29]. Before usage, vortex briefly to mix
the ligase with the solution. Alternatively, the ligation buffer
and the hybridization-ligation solution can be ordered from
Olink Bioscience or Sigma-Aldrich (Cat No. DUO92008).

. Washing buffer A: 8.8 g NaCl, 1.2 g Tris base, and 0.5 mL

Tween-20. Dissolve in 800 mL high purity water and adjust
the pH to 7.4 using HCIl. Adjust with high purity water to
1000 mL and filter through a 0.22 pm filter. Store at 4 °C.

Amplification solution: Instead of preparing the solutions
described below [11-13], one amplification solution can
be purchased (Olink Bioscience or Sigma-Aldrich (Cat No.
DUO92008)) and used.

Rolling circle amplification (RCA) buffer: 50 mM Tris-HCI,
10 mM MgCl,, 10 mM (NH,),SO,, and pH 7.5 adjusted with
HCI. Stored at -20 °C.

RCA solution (final concentration: phi-29 polymerase 0.125-
0.200 U/uL, BSA (250 g/mL), 1x RCA buffer, Tween-20
(0.05 %), and ANTP (250 M for each)).

Detection solution (final concentration: BSA (250 g/mL),
2 pL sodium citrate 20X (A 20X stock solution consists of 3 M
sodium chloride and 300 mM trisodium citrate (adjusted to
pH 7.0 with HCI)), 4 pL Tween-20 (0.5 %), and the fluores-
cence detection by fluorophores (e.g., Texas Red or Alexa
555)-oligonucleotide strand (5 pM) (see [29])

Washing bufter B: 5.84 g NaCl, 4.24 g Tris base, and 26.0 g
Tris-HCI. Dissolve in 500 mL high purity water and adjust the
pH to 7.5 using HCI. Then add again high purity water to
1000 mL. Filter through a 0.22 pm filter. Store at 4 °C.

Mounting medium (e.g., VectaShield, Vector Labs)

For the analysis of GPCR homo- and heteroreceptor complexes in
the rat brain, we highly recommend the use of formaldehyde-fixed
frozen free-floating sections, whose production is described in
detail in the following (Note 1). First, animals are deeply anesthe-
tized by an intraperitoneal (i.p.) injection of a high dose of pento-
barbital (60 mg/mL, [0.1 mL/100 g]) and then perfused
intracardially with 30-50 mL ice-cold 4 % paratormaldehyde (PFA)
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3.3 Proximity
Probes: Conjugation
of Oligonucleotides
to Antibodies

in 0.1 M phosphate-buftered saline (PBS, pH 7.4) solution. After
perfusion, brains are collected and transferred into well-labeled
glass vials filled with 4 % PFA fixative solution for 6-12 h. Then,
the brains are placed in 10 and 30 % sucrose (0.1 M PBS, pH 7.4)
and incubated for 1 day (10 % sucrose) and a number of days (30 %
sucrose) at 4 °C with several sucrose buffer changes, until freezing
the brain (in a bowl with dry ice: put inside a beaker with isopen-
tane; when the isopentane reaches —45 °C, enter the mold with
tissue; once frozen store at —80 °C). Proceed to generate the tissue
sections (10-30 pm thick) using a cryostat (stored tissue at =20 °C
on the day before cutting). After cutting, store them in Hoffman
solution (e.g., in a 24-well plate). Alternatively, to the use of fixed
free-floating sections, you can use fixed frozen sections attached to

microscopy slides. The mounted sections on slides must be kept at
-20 °C until use.

Proximity probes are created through the attachment of oligonu-
cleotides to antibodies. The antibodies are functionalized by either
direct covalent coupling of an oligonucleotide [29 ] or non-covalent
coupling by incubating biotinylated antibodies with a streptavidin-
modified oligonucleotide [30]. The oligonucleotide component of
the proximity probes can be functionalized to either primary anti-
bodies or secondary antibodies. The latter approach avoids the
need to conjugate the oligonucleotide components to each pri-
mary antibody protomer pair, saving time and costs. Mainly three
types of chemical methods can be used for the conjugation of oli-
gonucleotides to antibodies: the maleimide /NHS-esther chemis-
try (SMCC) [31], the succinimidyl 4-hydrazinonicotinate acetone
hydrazone (SANH) [32], or the commercially available Antibody-
Oligonucleotide All-in-One Conjugation Kit from Solulink company
(http://www.solulink.com/). It is based on two complementary
hetero-bifunctional linkers (Sulfo-S-4FB (formylbenzamide) and
S-HyNic (hydrazino-nicotinamide)). The act of conjugation can
severely affect the ability of some antibodies to bind an antigen.
For this reason, different antibodies, conjugation chemistries, and
reaction conditions to obtain suitable proximity probes must be
tested prior to any experiments. Alternatively, antigen-validated,
proximity probes from specialized companies like Duolink
(Uppsala, Sweden; http://www.olink.com/) or Sigma-Aldrich
can be bought directly.

4 Assay Protocol

1. First, wash the fixed free-floating sections (storage at =20 °C in
Hoffman solution) four times with PBS.

2. Quench your brain slices with 10 mM glycine buffer, for
20 min at room temperature (Note 2).
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. Wash twice, for 5 min each, with PBS at room temperature.

. Then incubate with the permeabilization buffer (10 % fetal

bovine serum (FBS) and 0.5 % Triton X-100 or Tween-20
in Tris buffer saline (TBS), pH 7.4) for 30 min at room
temperature.

. Wash twice, for 5 min each, with PBS at room temperature.

6. Then incubate with the blocking buffer (0.2 % BSA in PBS) for

10.

11.

12.

30 min at room temperature (Note 3). It should be checked
regularly that the reaction does not dry out since this will cause
a high background signal.

. Turn on the incubator and preheat the humidity chamber until

usage.

. Incubate the brain sections with the primary antibodies diluted

in a suitable concentration in the blocking solution for 1-2 h
at 37 °C or at 4 °C overnight (Note 4).

. Wash twice, for 5 min each, with the blocking solution at room

temperature under gentle agitation to remove the excess of
primary antibodies.

In the mean time, if primary antibodies are used in combina-
tion with secondary proximity probes, dilute the secondary
antibodies proximity probes to a suitable concentration in the
blocking solution. It is important to use the same buffer as
those for the primary antibody to avoid background staining.
Apply the proximity probe mixture to the sample and incubate
for 1 h at 37 °C in a humidity chamber. Do not allow the sam-
ples to dry as this will also cause artifacts.

To remove the unbound proximity probes, wash the slides
twice, 5 min each time, with blocking solution at room tem-
perature under gentle agitation.

Prepare the hybridization-ligation solution. To ensure optimal
conditions for the enzymatic reactions, the sections should
be soaked for 1 min in ligation buffer (10 mM Tris-acetate,
10 mM magnesium acetate, 50 mM potassium acetate, pH 7.5
[29]), prior to addition of the hybridization-ligation solution
(final concentration: BSA (250 g/mL), T4 DNA ligase buffer,
Tween-20 (0.05 %), NaCl 250 mM, ATP 1 mM, and the
circularization or connector oligonucleotides 125-250 nM).
Circularization or connector oligonucleotides can be designed
and synthesized as described previously ([29]). Remove the
soaking solution (ligation bufter), and add T4 DNA ligase at a
final concentration of 0.05 U /puL to the hybridization-ligation
solution. Vortex briefly to mix the ligase with the solution.
Apply the mixture immediately to the sections and incubate
slides in a humidity chamber at 37 °C for 30 min. Alternatively,
the ligation buffer and the hybridization-ligation solution can
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be ordered from Olink Bioscience or Sigma-Aldrich (Cat No.
DUO92008).

13. To remove the excess of connector oligonucleotides, wash
twice, for 5 min each, with the washing buffer A at room
temperature under gentle agitation. Tap off all excess washing
solution.

14. Prepare the rolling circle amplification mixture. Soak the sec-
tions in RCA buffer for 1 min. Remove the soaking solution,
and add the RCA solution (final concentration: phi-29
polymerase 0.125-0.200 U/pL, BSA (250 g/mL), RCA buf-
fer, Tween-20 (0.05 %), and ANTP (250 M for each)). Vortex
briefly the RCA solution and incubate in a humidity chamber
for 100 min at 37 °C. Prepare the detection solution and incu-
bate the sections in a humidity chamber for 30 min at
37 °C. Keep the detection solution in the dark to prevent fluo-
rophore bleaching. From now on, all reactions and washing
steps should be performed in the dark. Alternatively to prepar-
ing these buffers and solutions by yourself, the amplification
mixture and the detection solution can be ordered from Olink
Bioscience or Sigma-Aldrich (Cat No. DUO92008).

15. Wash the sections twice in the dark, for 10 min each, with the
washing buffer B at room temperature under gentle agitation.

16. Dip the sections in a washing buffer B dilution of 1:10 and let
sections dry at room temperature in the dark.

17. The free-floating sections are put on a microscope slide and a
drop of appropriate mounting medium (e.g., VectaShield or
Dako) is applied. The cover slip is placed on the section and
sealed with nail polish. The sections should be protected
against light and can be stored for several days at 4 °C or for
several months/years at =20 °C (Note 5).

5 (Quantitative PLA Image Analysis

1. Visualize the sections with fluorescence microscopy equipped
with excitation/emission filters compatible with the fluoro-
phores used. The in situ PLA signals have a very characteristic
bright sub-micrometer-sized puncta appearance that is easily
recognized and distinguishable from potential background
fluorescence (see Fig. 2). While moving the focus through the
sample tissue, appearance and disappearance of PLA signals
should be noticeable. Up to a certain density of PLA signals,
they appear as discrete dots (puncta, blobs) that can be easily
counted/quantified using image analysis software.

2. Analyze the captured images using image techniques to quan-
tify the number of dots. Many commercially image analysis



118 Dasiel O. Borroto-Escuela et al.

[A2A-A2A]- CA2

[A2B-A2A]- CA2

Fig. 2 Examples of in situ PLA assay in the hippocampus formation and cerebral cortex. (Upper-left panel) High
densities of PLA-positive profiles (red) are shown in the pyramidal cell layer CA2 representing the A2A-A2A
homoreceptor complexes. (Lower-left panel) Medium densities of the PLA-positive blobs are shown in the
pyramidal cell layer of the CA2 representing the A2B-A2A isoreceptor complexes. In the two images, arrows
point to examples of PLA-positive blobs. In the right panels, examples of PLA-positive blobs representing A2A-
A2B isoreceptor complexes and A2A-A2A homoreceptor complexes are shown from the same regions of the
hippocampus formation and the cerebral cortex. There presences in the CA3 regions and in the granular and
molecular layers of the dentate gyros are illustrated. The scale bar are shown in the lower-right panels (20 pm)

software packages can be used (e.g., Duolink ImageTool
(Sigma-Aldrich)), but also free software packages are available
(e.g., BlobFinder, CellProfiler).

3. Usually four important parameters should be kept in mind for
a proper analysis and result interpretation: (1) the number of
DAPI nuclei in the sample field, (2) the number of positive
PLA/dots per sample field, (3) the total number of positive
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PLA cells/nuclei per sample field, and (4) the diameter sizes
of the individual PLA blobs (the diameter may indicate if
aggregates (higher order) of receptor complexes exists). Within
these four values, it will be possible to get an overall view of the
expression/enrichment of GPCR heteroreceptor complexes in
the different brain areas analyzed and extract relevant conclu-
sions from the comparisons between brain areas (Fig. 2). We have
proposed the molecular phenomenon of receptor-receptor
interactions as a fruitful way to understand how brain function
can increase through molecular integration of signals. An alter-
ation in specific receptor-receptor interactions or their balance/
equilibrium (with the corresponding monomers-homomers) is
indeed considered to have a role in the pathogenic mechan-
isms that lead to various brain diseases. Therefore, targeting
protomer-protomer interactions in heteroreceptor complexes
or changing the balance with their corresponding homorecep-
tor complexes in discrete brain regions may become an impor-
tant field for developing novel drugs, including hetero-bivalent
drugs and optimal types of combined treatments. The analysis
of animal or human brain material with in situ PLA can reveal
if the relative abundance of specific homo- and heteroreceptor
complexes in discrete brain regions is altered in brain diseases
or under certain drug treatments, for instance, chronic L-dopa
treatment in Parkinson’s disease [25]. In this analysis, it is
important also to determine the ratio between heteroreceptor
complex populations versus total number of the two partici-
pating protomer populations, using in addition to Western
blots, receptor autoradiography, and biochemical binding
methods. The two latter methods show the densities and affini-
ties of the two functional receptor populations. The relation-
ship between these parameters will help to normalize the
heteroreceptor complexes values for comparison between
groups in addition to evaluating the potential changes in the
total number of the two protomer populations [ 19]. Certainly,
we cannot compare or determine directly a balance between
the homo- and heteroreceptor complexes populations in the
same tissue using the in situ PLA approach, because of a tech-
nical limitation of the procedure itself. But the method could
help us determine each population independently and com-
pare their relative expression levels after an appropriate nume-
rical analysis. Furthermore, increasing importance will be to
determine the agonist/antagonist regulation of these homo-/
heteroreceptor complexes in order to understand their poten-
tial roles as drug targets or as markers of brain disease
progression.
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6 Advantages and Disadvantages of the PLA Method

In situ PLA can offer advantages by:

1. Giving the opportunity to study the existence of any potential
homo- and heteroreceptor complexes, for which a pair of suit-
able antibodies is available without the need of employing a
genetic constructs.

2. The method could be performed in both cells and tissue sam-
ples, including human specimens collected from biobanks.

3. The in situ PLA could be useful to monitor the effects of
different compounds like agonists and antagonists or their
combined treatment on the balance of homo- and heterore-
ceptor complexes in cells and tissue.

4. The information obtained by the in situ PLA is at the resolu-
tion of individual cells or even of subcellular compartments
providing profound insights into cellular heterogeneity in
tissues.

5. The method also provides an enhanced sensitivity and selectiv-
ity compared to many other methods since powerful rolling
circle amplification and dual target recognition are used.

As with any method, there are limitations, for instance:

1. The in situ PLA cannot be used in live cells, as fixation it is a
prerequisite for the cell /tissue material employed.

2. When studying receptor-receptor interactions, it is important
to remember that the method, like many other methods for
studying protein-protein interactions, can show that two pro-
teins are in close proximity and, therefore, likely directly inter-
act. Proteins can also interact indirectly through an adapter
protein. The maximal distance between two epitopes to give
rise to a signal with in situ PLA is 10-30 nm with direct-
conjugated proximity probes and slightly longer when second-
ary proximity probes are used. This distance will be dependent
on the size of the receptors/antibodies and the respective
length of the attached oligonucleotides. By changing the length
of the oligonucleotides, the maximal distance limits can be
reduced or increased. However, in general, the functional dis-
tance is usually close to the one detected in a FRET assay [27].

3. Another critical parameters for achieving good results is the
use of excellent antibodies. Importantly, the antibodies have to
be used under optimal conditions taking into consideration
parameters such as antibody concentration, epitopes targeted
by the antibodies, fixation, antigen retrieval, blocking condi-
tions, etc.
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4. A range of controls, both positive and negative ones, should

be used to guarantee the specificity of the PLA signal. Positive
controls can include cells where the protein is known to be
expressed, such as in certain cells or tissues or in cells trans-
fected to express the protein. Negative controls include cells or
tissues that do not express the protein or where the protein has
been knocked out or downregulated by, e.g., siRNA.

7 Notes

. As for all antibody-based staining methods, the samples should

be sufficiently pretreated to fit the primary antibodies with
respect to fixation, permeabilization, and antigen retrieval of the
tissue to be investigated. Similar conditions as employed for
immunohistochemistry can be used for in situ PLA procedures.
Forinssitu PLA, the common options are fixed paraffin-embedded
or cryostat sections. The choice of section is determined by a
number of conditions, including the time and skill of the investi-
gator. However, careful consideration of the fixation protocol is
especially necessary to ensure the optimal preservation of the
morphology of the specimen and target antigen (receptors).

. Autofluorescence can be brought on by certain endogenous

tissue constituents, e.g., fibronectin, lipofuscin, and elastin, and
by fixation in aldehydes. Based on this phenomenon, after
rehydrating your formalin-fixed frozen sections and before
blocking the slices, it is important to incubate them in
10-100 mM glycine PBS, pH 7.4, for 20 min. Glycine solution
has the ability to quench autofluorescence caused by reactive
groups (free aldehydes) in your cell or tissue-fixed samples.
Alternatively to glycine solution, we can employ as well a solu-
tion of 50 mM ammonium chloride in PBS for 10 min. or a
solution of 1 % sodium borohydride in PBS for 10-20 min.
Sodium borohydride is flammable on contact with water and
harmful by ingestion or inhalation. Therefore, take adequate
precautions. It varies from sample to sample which method
works the best, but in formalin-fixed rat brain sections, we had
most success with the glycine solution methods. Another mea-
sure to avoid or reduce background in your samples is reducing
the section thickness, as the intensity of autofluorescence
depends on this parameter.

. To reduce the likelihood of unspecific binding of the antibod-

ies to the tissue, the tissue needs to be blocked by a blocking
agent, such as bovine serum albumin (BSA) (by adding 1 pL
BSA (10 mg/mL) and 1 pL sonicated salmon sperm DNA
(0.1 mg/mL) to 38 pL. 0.5 Triton X-100 or Tween-20 in TBS,
pH 7.4 [32]). An animal serum like 10 % FBS can be used, but
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make sure that it is sterile filtered, as unfiltered serum may
increase the amount of background signals. Use the blocking
agent best suited for the antibodies used.

4. The conditions for incubation with the primary/secondary
antibodies (probes) should be chosen according to the manu-
facturer’s recommendations, or be identified by the users.

5. The intensity of the rolling circle product will go down quickly
in some mounting media. It is necessary to use a mounting
medium containing anti-fade reagents.
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