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Abstract

Discs large (Dlg) is a conserved member of the membrane-associated guanylate kinase family, and serves as a major scaffolding protein at
the larval neuromuscular junction (NMJ) in Drosophila. Previous studies have shown that the postsynaptic distribution of Dlg at the larval NMJ
overlaps with that of Hu-li tai shao (Hts), a homologue to the mammalian adducins. In addition, Dlg and Hts are observed to form a complex with
each other based on co-immunoprecipitation experiments involving whole adult fly lysates. Due to the nature of these experiments, however, it
was unknown whether this complex exists specifically at the NMJ during larval development.

Proximity Ligation Assay (PLA) is a recently developed technique used mostly in cell and tissue culture that can detect protein-protein
interactions in situ. In this assay, samples are incubated with primary antibodies against the two proteins of interest using standard
immunohistochemical procedures. The primary antibodies are then detected with a specially designed pair of oligonucleotide-conjugated
secondary antibodies, termed PLA probes, which can be used to generate a signal only when the two probes have bound in close proximity to
each other. Thus, proteins that are in a complex can be visualized. Here, it is demonstrated how PLA can be used to detect in situ protein-protein
interactions at the Drosophila larval NMJ. The technique is performed on larval body wall muscle preparations to show that a complex between
Dlg and Hts does indeed exist at the postsynaptic region of NMJs.

Video Link

The video component of this article can be found at http://www.jove.com/video/52139/

Introduction

Drosophila Discs large (Dlg) is a conserved member of the membrane-associated guanylate kinase family of scaffolding proteins that help
orchestrate the assembly of large protein complexes at specific sites of the plasma membrane. Originally identified as a tumor suppressor
protein, Dlg serves as an important determinant of epithelial apicobasal polarity 1,2,3. Dlg also serves as a major scaffolding module at the
neuromuscular junction (NMJ) of glutamatergic motor neurons during larval development 4. Dlg plays diverse roles at the larval NMJ, and its
pleiotropism relies on its ability to associate with multiple proteins 5,6. One such protein is Hu-li tai shao (Hts), a homologue to the mammalian
adducins that have mainly been described in regards to their roles in regulating the actin-spectrin cytoskeleton 7. It has previously been shown
that Dlg and Hts can form a complex with each other based on in vitro co-immunoprecipitation experiments involving whole adult fly lysates
8. One shortcoming of these results, however, is that they do not indicate where this complex forms. With the use of immunohistochemistry,
the distributions of Dlg and Hts are observed to overlap at the postsynaptic membrane of larval NMJs, but are they in a complex in this region
8? As recently shown and detailed further here, Proximity Ligation Assay (PLA) is used to look for an in situ association between Dlg and Hts
specifically at the larval NMJ 27.

PLA is a relatively new technique used mostly in cell and tissue culture that can detect protein-protein interactions in situ 9. In this assay, primary
antibodies against the two proteins of interest are detected with a pair of species-specific secondary antibodies, termed PLA probes, which are
conjugated to oligonucleotides (Figure 1A, B). If the two proteins are in close proximity to each other (i.e. within a few tens of nanometers),
the distance between the attached PLA probes can be bridged through hybridization of two additional connector oligonucleotides (Figure
1C). In this conformation, the free ends of the connector oligonucleotides are close enough to make contact with each other, and a closed
circular DNA molecule can be formed upon in situ ligation (Figure 1D). The circular DNA molecule serves as a template for in situ rolling
circle amplification, which is primed by one of the oligonucleotides conjugated to the PLA probes (Figure 1E). Sequences within the resulting
amplified, concatemeric DNA product can then be visualized with fluorescently-labeled, complementary oligonucleotide probes (Figure 1F).
Since the amplified DNA remains attached to one of the PLA probes, the subcellular localization of the protein-protein interaction within a tissue
can be readily ascertained.
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Several methods are commonly used to detect protein-protein interactions including in vitro techniques such as co-immunoprecipitation, pull-
down assays and yeast two-hybrid screening, and in vivo techniques such as Förster Resonance Energy Transfer (FRET) and Bimolecular
Fluorescence Complementation (BiFC). A pitfall of the in vitro techniques is that they do not identify where the interaction is endogenously
occurring, while the aforementioned in vivo techniques involve the artificial expression of fusion proteins that may not reflect the native behavior
of their endogenous counterparts. One major advantage of PLA is that it is capable of determining within a tissue the subcellular localization
of endogenous protein interactors that are in close proximity to each other and likely forming a complex, with the degree of closeness required
to generate a signal being comparable to FRET and BiFC. PLA can detect interactions with high specificity and sensitivity due to the coupling
of antibody recognition and DNA amplification. Thus, the assay can generate discrete, bright signals in the form of puncta that reveal the exact
position of the interaction. In addition, scarcely visible antigens can be detected. Finally, PLA is a relatively simple technique to perform, and it
takes no longer than a standard immunohistochemical procedure to complete. Therefore, PLA provides a technical advantage over other protein-
protein interaction assays that are often plagued with long preparation times and extensive troubleshooting.

This protocol demonstrates how PLA can be applied to the Drosophila larval NMJ for the purpose of detecting endogenous protein-protein
interactions in situ. Here, PLA is performed on larval body wall muscle preparations where Dlg and Hts are shown to indeed exist in a complex at
the postsynaptic region of NMJs. PLA has not been previously used to study the larval NMJ, and there are at present only a handful of published
papers that have used this assay in Drosophila tissue. It is hoped that further exposure of PLA to the Drosophila community will result in its
increased use as an additional tool to complement other, more commonly used protein-protein interaction assays.

Protocol

1. Body Wall Preparation

NOTE: Preparation of third instar larval body walls (for study of the NMJs which innervate the body wall muscles) was performed as previously
described in Brent et al. 10, or Ramachandran and Budnik 11,12, but with some modifications.

1. Dissection
1. Raise fly stocks and crosses at 25 °C for five to six days using standard procedures 13.
2. Pick crawling third instar larvae from vials or bottles using fine forceps.
3. Wash the larvae in a small Petri dish containing Phosphate Buffer Saline (PBS) to remove any food particles.
4. Place a single larva onto a sylgard disc and immerse it in a few drops of ice-cold PBS. Using ice-cold PBS will help stun the larva

making it easier to manipulate. Throughout the dissection, ensure that the preparation is always submerged in PBS to prevent it from
drying.

5. Position the larva with its dorsal side facing up so that the two tracheal tracts are visible under a dissecting microscope (Figure 2A).
Using the forceps to grasp a minutien pin, pin the larva down at the posterior end near the spiracles (Figure 2B). With another pin,
pierce through the cuticle at the anterior end near the mouth hooks. Gently stretch the larva out lengthwise, then pin it down (Figure
2B).

6. Using microdissection scissors, pinch the posterior end near the pin to create a small opening. The incision should be superficial
enough to just pass through the cuticle.

7. Placing the tip of the bottom blade of the scissors into the incision, cut along the entire length of the dorsal midline between the two
tracheal tracts (Figure 2C). Point the scissor blades slightly upwards when cutting to avoid damaging the ventral body wall muscles.

8. Make a small horizontal incision slightly anterior to the posteriorly-placed pin (Figure 2C). Make another similar incision slightly
posterior to the anteriorly-placed pin (Figure 2C). The incisions should just pass through the cuticle.
 

NOTE: The three incisions from steps 1.1.7 and 1.1.8 combined should resemble an " " when completed, i.e., a left- and right-hand
flap on the dorsal side of the larval body should be produced.

9. Carefully clean out the internal organs with the forceps. Adding a few forceful drops of PBS will help displace the organs out of the
larval body, thus making it easier to remove them. Avoid poking the larval body as it will cause damage to the body wall muscles.

10. Unfurl the larval body open and pin the corners down (Figure 2D). When pinning, stretch the body wall both horizontally and vertically
to form an evenly-tensioned rectangle (see Figure 2G for the shape), taking care not to tear the body wall muscles in the process.

11. Finish removing any remaining internal organs (Figure 2E).

2. Fixation and Permeabilization
1. Immerse the pinned body walls in several drops of Bouin's Solution. Incubate for 15 min on ice. Alternatively, use 4%

paraformaldehyde (PFA) as an alternative fixative; incubate for 30 min.
2. Rinse three times with Phosphate Buffer Saline with Triton (PBT).
3. Using fine forceps, carefully remove the pins and transfer the body walls by their corners into a siliconized 0.65 ml microcentrifuge

tube.
4. Store the body walls in PBT at 4 °C until ready for PLA. For optimal results, start immunostaining the body walls within a day or two of

dissection.
 

NOTE: To save on reagents and to ensure that all body walls are treated equally during the assay, different genotypes can be placed
into a single tube. Genotypes can be distinguished by cutting the corners of the body walls differently (see Figure 2F for examples).

2. Immunohistochemistry

NOTE: Immunostaining of third instar larval body walls was performed as previously described in Brent et al. 14 and Ramachandran and Budnik
11, but with some modifications 11,14.
 

NOTE: Perform all steps at room temperature and with gentle agitation unless otherwise stated.
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1. Blocking
1. Wash the body walls with PBT three times for 10 min each.
2. Block with 1% Bovine Serum Albumin (BSA) for 1 hr.

2. Immunostaining
1. Incubate the body walls with mouse and rabbit primary antibodies against the two proteins of interest (diluted in 1% BSA) for 2

hr at room temperature, or overnight at 4 °C. In this case, use 1:10 mouse anti-Dlg and 1:250 rabbit anti-HtsM 15,16. Antibodies
against markers that are not made in mouse or rabbit can also be included — e.g., use 1:200 goat anti-Hrp to delineate the neuronal
membranes.

2. Wash with PBT three times for 10 min each.
3. Incubate with fluorophore-conjugated secondary antibodies to detect the markers (diluted in 1% BSA) for 2 hr at room temperature, or

overnight at 4 °C. As the PLA signal is later visualized with a red fluorophore, another fluorophore must be used to detect the marker
— e.g., use 1:200 FITC-conjugated anti-goat to detect the goat anti-Hrp antibody. Due to the use of light-sensitive reagents, keep the
tubes in the dark from this point onwards.
 

NOTE: The kit that is used allows for PLA to be performed between primary antibodies raised in mouse and rabbit, with the signal
visualized on the red channel under confocal microscopy. If desired, other kits are available that allow the assay to be done with
primary antibodies raised in other species, and the signal visualized on other channels.

3. Proximity Ligation Assay

NOTE: Perform all steps at room temperature and with gentle agitation unless otherwise stated.

1. PLA Probes
1. Wash the body walls with PBT three times for 10 min each.
2. Incubate with PLA probes (1:5 dilution each in 1% BSA) for 2 hr at 37 °C. In this case, use 40 µl of PLA probe anti-mouse MINUS, 40

µl of PLA probe anti-rabbit PLUS and 120 µl of 1% BSA to ensure the proper immersion and mixing of 5-10 body walls. Up to a 1:25
dilution of the PLA probes can still result in an adequate signal-to-noise ratio (i.e., for this experiment).

2. Ligation
1. Wash the body walls with Wash Buffer A twice for 5 min each.
2. Incubate with Ligation solution (1:40 dilution of Ligase in Ligation buffer) for 1 hr at 37 °C. In this case, use 5 µl of Ligase, 40 µl of 5

Ligation buffer and 155 µl of high purity water to ensure the proper immersion and mixing of 5-10 body walls.

3. Amplification
1. Wash the body walls with Wash Buffer A twice for 2 min each.
2. Incubate with Amplification solution (1:80 dilution of Polymerase in Amplification buffer) for 2 hr at 37 °C. In this case, use 2.5 µl of

Polymerase, 40 µl of 5 Amplification buffer and 157.5 µl of high purity water to ensure the proper immersion and mixing of 5-10 body
walls.

4. Preparation for Imaging
1. Wash the body walls with Wash Buffer B twice for 10 min each.
2. Wash with 0.01x Wash Buffer B once for 1 min.
3. Equilibrate in a few drops of mounting solution for at least 30 min before mounting, or store overnight at 4 °C.
4. Using fine forceps, carefully transfer the body walls onto a platform slide with their cuticles facing down. Position the body walls in rows

and in the same orientation within a drop or two of mountant. Place a 22 mm x 40 mm coverslip over the preparation taking care not to
generate air bubbles, then seal the slide with clear nail polish.

5. Store the slides in the dark at -20 °C until ready for confocal imaging.

Representative Results

In wild-type third instar larval NMJs, Dlg is predominately found at the postsynaptic membrane of type I glutamatergic boutons, with Dlg
immunoreactivity levels being more pronounced in type Ib boutons than type Is boutons (Figure 3A) 4. Hts is present throughout the muscle
but concentrates at the postsynaptic region with Hts immunoreactivity levels appearing equal in both type I boutons, and is also found
presynaptically (Figure 3A') 8,17. Note that the distributions of Dlg and Hts largely overlap at the postsynaptic region (Figure 3A'') 8.

To determine if Dlg and Hts exist in a complex at the NMJ, PLA between the two proteins was performed on larval body wall muscle
preparations. For this assay, a mouse anti-Dlg antibody that detects the second PDZ domain at the N-terminus and a rabbit anti-HtsM antibody
that detects the MARCKS-homology domain at the C-terminus were used 15,16. In wild-type, PLA signal between Dlg and Hts was observed
specifically at the NMJ (Figure 3C-C''). The signal mostly localized circumferentially to the presynaptic membrane of type I boutons, which was
demarked by Hrp, thus indicating that Dlg and Hts are in close proximity to each other and likely form a complex at the postsynaptic region.
The result was determined to be specific as our negative control, involving hts01103 mutant NMJs that lack Hts immunoreactivity (Figure 3B-
B''), showed no observable PLA signal (Figure 3D) 8,17,18. In addition, PLA performed without adding the rabbit anti-HtsM antibody produced
no signal (data not shown). High magnification views of the boutons revealed that Dlg and Hts immunoreactivity grossly overlapped at the
postsynaptic region (Figure 3E), whereas PLA between the two proteins resulted in discreet puncta indicating that only a subset of the total Dlg
and Hts proteins are in complex (Figure 3F).
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To further test the reliability of PLA as a tool to study the larval NMJ, we also evaluated interactions between the serine/threonine p21-activated
kinase, Pak, and other synaptic proteins 19. Previous co-immunoprecipitation experiments have shown that Pak is a member of the Scribble
complex, of which Dlg is also a member 20. In wild-type NMJs, Pak localizes to the postsynaptic density (Figure 4A,C), where it is required for
Dlg localization 15,21. The immunoreactive distributions of Pak and Dlg overlap at the postsynaptic region (Figure 4A''), and PLA between the
two proteins resulted in a positive signal specifically at the NMJ (Figure 4B). These results indicate that the two proteins are in close proximity to
each other and are likely forming a complex in this region. Another synaptic protein we tested for Pak complex binding was Wingless (Wg), the
Drosophila Wnt ligand, which plays numerous roles at the NMJ 22. In wild-type, Wg is enriched at the presynaptic and postsynaptic sides of type
I boutons, but is also present as puncta throughout the muscle cytoplasm (Figure 4C') 23. Interestingly, though the immunoreactive distributions
of Pak and Wg partially overlapped at the postsynaptic region (Figure 4C''), PLA between the two proteins produced no observable signal
(Figure 4D). Therefore, Pak and Wg are not in close proximity to each other at the NMJ. This result demonstrates that not all proteins that show
overlapping immunoreactivities through traditional co-localization experiments will generate a PLA signal, and serves as an additional negative
control.

 

Figure 1: Schematic diagram of Proximity Ligation Assay. (A) Primary antibodies bind to the two proteins of interest using standard
immunohistochemical procedures. (B) The primary antibodies are then detected with a pair of species-specific secondary antibodies, termed
PLA probes, which are conjugated to oligonucleotides. (C) If the two proteins are in close proximity to each other, the distance between the
attached PLA probes can be bridged through hybridization of two additional connector oligonucleotides. (D) In this conformation, the connector
oligonucleotides can form a closed circular DNA molecule upon in situ ligation. (E) The circular DNA molecule serves as a template for in situ
rolling circle amplification, which is primed by one of the oligonucleotides conjugated to the PLA probes. (F) Sequences within the amplified DNA
product are then detected with fluorescently-labeled, complementary oligonucleotide probes. Note that the figure was based on Weibrecht et al.
24. Please click here to view a larger version of the figure.
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Figure 2: Preparation of third instar larval body walls. (A-F) Schematic drawings representing a body wall dissection. (A) Place a single larva
onto a sylgard disc with its dorsal side facing up so that the two tracheal tracts are visible. (B) Pin the larva down at the anterior and posterior
ends with minutien pins, stretching the larva out lengthwise in the process. (C) Make three incisions in the dorsal side of the larval body with
microdissection scissors. The incisions should resemble an ''I'' when completed. (D) Unfurl the larval body open and pin the corners down,
stretching the body wall both horizontally and vertically in the process to form an evenly-tensioned rectangle. (E) Clean out any remaining
internal organs. (F) Shown are examples of the different ways to cut the corner of the body walls in order to distinguish different genotypes. (G)
View of a stretched body wall preparation when completed. The picture was taken with a digital camera mounted onto a dissecting microscope.
Scale bar in Panel F represents 1 mm. Note that the figure was based on Ramachandran and Budnik, 2010 12. Please click here to view a larger
version of the figure.
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Figure 3: Dlg and Hts exist in a complex at the postsynaptic region of larval NMJs. (A-B'') Distributions of Dlg (red) and Hts (green) in wild-
type and hts mutant NMJs. (A-A'') In wild-type NMJs, Dlg is predominantly found at the postsynaptic membrane of type I boutons, with Dlg levels
being more pronounced in type Ib than Is boutons. Hts is present throughout the muscle but also concentrates around the postsynaptic region,
with Hts levels being similar in both type I boutons. The distributions of Dlg and Hts overlap at the postsynaptic region. (B-B'') NMJs mutant for
hts lack Hts immunoreactivity. Note that the hts01103 mutation effects NMJ branching 8. (C-D'') PLA between Dlg and Hts (red) performed on wild-
type and hts mutant NMJs. Hrp is used to mark the neuronal membrane (green). Shown are high magnification views of a few boutons. (C-C'') In
wild-type, PLA signal is observed specifically at the NMJ. The signal is mostly localized circumferentially to the presynaptic membrane of type I
boutons, indicating that Dlg and Hts are in close proximity to each other and exist in a complex at the postsynaptic region. (D) NMJs mutant for
hts showed no observable PLA signal. (E-F) Shown are high magnification views of single boutons. (E) Hts and Dlg immunoreactivity grossly
overlap at the postsynaptic region. (F) PLA between Dlg and Hts results in distinct puncta indicating that only a subset of the proteins are in a
complex. Scale bar in Panel B'' represents 40 µm (A-B''); scale bar in Panel D'' represents 10 µm (C-D''); scale bar in Panel F represents 5 µm
(E-F). All NMJs shown are from muscles 6/7 in abdominal segment 4. Images were taken as merged stacks using a Nikon A1R laser scanning
confocal microscope with NIS-Elements software, and processed with Adobe Photoshop. Please click here to view a larger version of the figure.
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Figure 4: Pak exists in a complex with Dlg, but not Wg, at the postsynaptic region of larval NMJs. (A-D) Shown are high magnification
views of a few boutons. (A-A'') Distributions of Pak (green) and Dlg (red) in wild-type NMJs. Pak localizes to the postsynaptic density. Note that
the immunoreactive distributions of Pak and Dlg overlap at the postsynaptic region. (B) PLA between Pak and Dlg (red) performed on wild-type
NMJs. PLA signal is observed specifically at the NMJ, indicating that the two proteins are in close proximity to each other in this region. (C-C'')
Distributions of Pak (green) and Wg (red) in wild-type NMJs. Wg is enriched at both the presynaptic and postsynaptic sides of the NMJ, but is
also present as puncta throughout the muscle. Note that the immunoreactive distribution of Pak is also observed to partially overlap with Wg at
the postsynaptic region. (D) PLA between Pak and Wg (red) performed on wild-type NMJs. No specific PLA signal is observed, indicating that
the two proteins are not in close proximity to each other at the NMJ despite their overlapping distributions. Scale bar in Panel D represents 5
µm (A-D). All NMJs innervate muscles 6/7 in abdominal segment 4. Images were taken as merged stacks using a Nikon A1R laser scanning
confocal microscope with NIS-Elements software, and processed with Adobe Photoshop. Please click here to view a larger version of the figure.

Discussion

This report demonstrates how PLA can be applied to the Drosophila larval NMJ. The assay is performed on larval body wall muscle preparations
for the purpose of detecting endogenous protein-protein interactions present at the NMJ. With this technique, Dlg and Hts are shown to be in
close proximity to each other, and thus exist in a complex, specifically at the postsynaptic region 27. In support of this result, a previous study
has provided evidence of their association with the following data: 1) the immunoreactive distributions of Dlg and Hts overlap at the postsynaptic
region of larval NMJs, 2) Dlg and Hts form a complex based on co-immunoprecipitation experiments involving whole adult fly lysates, and 3)
Dlg and Hts interact in both epithelial and synaptic junctions 8. PLA signal at the postsynaptic region was also observed between Dlg and Pak,
an interaction previously identified in other studies, thereby providing further credence of using this assay at the NMJ 15,20,21. Interestingly,
PLA between Pak and Wg resulted in no observable signal, even though their immunoreactive distributions overlapped at the NMJ. This result
demonstrates that not all proteins that show overlapping immunoreactive distributions will generate a PLA signal, therefore indicating that PLA
provides a higher resolution in detecting protein-protein interactions than traditional co-localization studies.

Multiple changes were made to the original PLA protocol in order to optimize the assay for the larval NMJ (data not shown) 9,25. First, it was
determined that 1% BSA is a better blocking agent for the body walls instead of the provided Blocking Solution. Second, to produce a strong
signal-to-noise ratio, proper immersion and mixing of the body walls in the reaction solutions is critical. A minimum of 200 µl for five to ten body
walls in a 0.65 ml microcentrifuge tube was deemed suitable when incubating with the PLA probes, ligase or polymerase, though the volumes
can be increased accordingly when processing more body walls. Signal strength was also enhanced by increasing the reaction times by 30
minutes over the recommended times. Third, a serial dilution test of the PLA probes was performed to optimize the balance between reagent
conservation and signal strength. For the experiments performed in this report, up to a 1:25 dilution — from the recommended 1:5 dilution — can
still produce a reasonable signal-to-noise ratio. Note that optimization of the ligation and amplification reactions were not performed. Finally, as
PLA can be sensitive to minute changes, it is strongly recommended that the different genotypes of a single experiment are placed in a single
tube so that the controls and experiments are treated equally during the assay. Genotypes can be distinguished by cutting the corners of the
body walls differently.

Several methods are used to detect Drosophila protein-protein interactions including yeast two-hybrid screening, co-immunoprecipitation and
FRET. But how do these methods compare against PLA and its ability to visualize protein-protein interactions in situ? Yeast two-hybrid can
detect direct binding between Drosophila proteins expressed in yeast, and it has been used in high-throughput genome-wide screens. Though
many of the identified interactions are biologically relevant, the assay often produces false-positives. In addition, false negatives can occur
for multiple reasons: the proteins are fused to transcription factor domains which may interfere with binding, many interactions require post-
translational modifications which do not occur in yeast, and the nucleus (where the assay takes place) may not be a suitable environment for
some interactions to properly form. Such issues are not encountered with PLA as it deals with endogenous proteins in their native environment.
One method that can be used to detect interactions between endogenous proteins is co-immunoprecipitation. Experiments involving Drosophila
lysates can reveal the tissue and stage in the life cycle in which an interaction occurs. However, as lysate formation involves disrupting the cells
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to extract the proteins, the cells within the tissue in which the interaction occurs in, as well as its subcellular localization, cannot be assessed —
unlike in PLA. Furthermore, co-immunoprecipitation detects protein complex binding and cannot distinguish which proteins within the complex
are in close proximity to each other. There are methods such as FRET available to Drosophilists that allow the visualization of protein-protein
interactions within the cell. However, FRET involves the overexpression of transgenic proteins fused to fluorescent tags and may not reflect
endogenous protein behavior as in PLA.

Despite its advantages, there are some limitations when using PLA. One such limitation is the availability of primary antibodies against the
proteins of interest which are made in different species. This problem can easily be circumvented with the use of tagged transgenic proteins,
though they may not be truly representative of the endogenous interaction. Another issue is that PLA may produce false negatives, e.g. when the
two primary antibodies sterically hinder each other or when the epitope of one of the primary antibodies involves the protein-protein interaction
site. In addition, although PLA detects proteins which are in close proximity to each other, it does not distinguish between direct and indirect
protein-protein interactions, unlike in pull-down assays and yeast two-hybrid screening. Furthermore, PLA between endogenous proteins will not
identify which domains are responsible for the interaction. Thus, other protein-protein interaction assays will still be needed to fully characterize
the interaction molecularly.

Researchers have begun using super-resolution microscopy to map the spatial architecture of the Drosophila larval NMJ, with resolutions of tens
of nanometers being achieved 26. PLA, with its comparable molecular resolution, should provide a low cost, technically simple complement to
these studies that will aid in building up a detailed view of the organization of the numerous proteins at the NMJ.
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