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Editorial on the Research Topic

Quantifying and  controlling the  nano-architecture  of
neuronal synapses

About 2 years ago when the journal gave us the opportunity to launch this Research
Topic, the three of us were excited by the rapid growth of cutting-edge imaging
approaches now illuminating the architecture and molecular organization of synapses.
Since its launch, we received enthusiastic responses from many authors and in the end,
we published 15 articles in this volume.

These articles, including original research, reviews, and opinion, present a snapshot
of several key active areas of ongoing work. They fall roughly into three areas: technical
advances in single-molecule imaging and analysis, dynamics of molecular organization

within the synapse, and advances in electron microscopy that are propelling new insights.

Technical advances in single-molecule imaging
and analysis

This group of papers illustrates well how light-based super-resolution imaging is
providing important new routes to visualize and analyze the distribution of proteins
in single synapses. Particularly including single-molecule, expansion microscopy, and
SIM. New methods are achieving ever-better resolution while also making these
technically challenging approaches easier to use by more laboratories. Here, Unterauer
and Jungmann provided an updated review of DNA PAINT technology which
provides single-nanometer resolution with straightforward routes to molecular counting
along with highly multiplexed imaging. A great advantage of the approach is that
with a single labeling step, antibodies conjugated with short DNA oligonucleotides
can label multiple targets that are subsequently imaged by sequential exchange of
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fluorophore-labeled complementary oligonucleotides, avoiding
chromatic aberration. Narayanasamy et al. then further
expanded the use of DNA-PAINT by demonstrating multiplexed
imaging of multiple pre- and post-synaptic proteins in brain
slices, demonstrating the viability of this important approach
for analyzing synaptic nanostructure in vivo. In a Perspective,
Specht argued that single-molecule imaging provides a powerful
approach to determining protein copy number, providing
both high throughput and high subcellular spatial resolution
to interpret such counts. Copy number of key postsynaptic
density (PSD) proteins have been studied using calibrated
fluorescent light microscopy (Sugiyama et al., 2005) or scanning
transmission electron microscopy (STEM) (Chen et al., 2005),
and these numbers have been used to estimate the copy
number of many other PSD proteins using quantitative mass
spectrometry (Cheng et al., 2006; Martinez-Sanchez et al., 2021)
and a recent study demonstrated estimation of protein number
copy in individual spines by coupling super-resolution imaging
and quantitatively mass spectrometry (Helm et al., 2021). New
single-molecule methods are likely to offer an opportunity to
map changes of the copy number of key synaptic proteins during
synaptic activity.

Several new advances within this arena were also introduced
in this Topic. Kuhlemann et al. demonstrated site-specific
labeling of the extracellular domain of y-aminobutyric acid
type A (GABA,) receptor subunits by genetic code expansion
with unnatural amino acids combined with bio-orthogonal
click-chemistry labeling with tetrazine dyes. Gagliano et al.
provided a comprehensive review of single molecular tracking
and super-resolution imaging of synaptic proteins in 3D
enabled by new light sheet illumination approaches. Sneve and
Piatkevich provided an overview of new insights that may
arise from using expansion microscopy to map synapses in
neuronal circuits. These contributions highlight the enormous
potential of combining novel labeling approaches with novel
microscopy techniques.

Dynamics of molecular organization
within the synapse

A second group of papers focused on new aspects of
molecular dynamics that support synaptic functional diversity.
Piao and Sigrist provided a detailed review of work from
Drosophila which shows how the active zone protein (M)Unc13
defines the behavior of individual release sites of the active
zone. More generally, the work illustrates that isoform-
specific components of the vesicle release machinery may drive
functional presynaptic heterogeneity, revealing principles likely
at play in the mammalian brain as well. In new research,
Maschi et al. imaged release of individual vesicles (Tang
et al, 2016; Maschi and Klyachko, 2017) to determine that
Myosin V regulates both temporal and spatial utilization of
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release sites during two main forms of synchronous release
in the presynaptic active zone. Using a modeling approach,
they describe Myosin V function as controlling a gradient of
release site release probability across the active zone, thereby
uniting spatial and temporal functions of Myosin V in uni-
vesicular and multi-vesicular release. Westra et al. reviewed our
current understanding of how several lipids specifically enriched
the synapse are organized at the synaptic membrane. They
bring together compelling arguments that organization of the
membrane itself in fact could contribute to protein distribution
at the synapse and to synaptic transmission. They conclude with
a call for new technologies to define and test the influence of
synaptic lipid nanoscale organization of synaptic proteins.

In recent years, many studies using super-resolution light
microscopy techniques including PALM, dSTORM, single-
molecule tracking, STED, SIM, and Expansion Microscopy
have found that key scaffolding proteins in the excitatory
PSD such as PSD-95, and receptors such as NMDARs and
AMPARSs, are located subsynaptically in areas of high density
termed nanoclusters or nanodomains (Fukata et al., 2013;
MacGillavry et al., 2013; Nair et al., 2013; Broadhead et al.,
2016; Tang et al., 2016; Goncalves et al., 2020). This work
has focused attention on the potential that discrete adhesion
molecule systems may control transsynaptic alignment (Haas
etal,, 2018; Ramsey et al., 2021). Expanding this investigation in
inhibitory synapses, Gookin et al. report synaptic nanoclusters
of the adhesion protein neuroligin-2, which are arrayed
similarly to nanoclusters of the GABApR (Crosby et al,
2019), suggesting an important role in establishing synapse
nanoarchitecture. Through direct quantitative comparison of
super-resolution methods, they report further that dSTORM
provided a more detailed view of the protein density landscape
of neuroligin-2. This is an important observation in part
because combining nanostructure with trafficking and diffusion
dynamics of proteins is a rich area for incoming work. A
powerful approach to this general problem applied specifically
to the case of adhesion molecules like the neuroligins is provided
by Lagardére et al. who demonstrated the use of FluoSIM, a
new simulator of membrane protein dynamics for fluorescence
microscopy. Correlating high-resolution imaging experiments
with simulations of Neurolin] at synaptic vs. extrasynaptic sites
enabled biological and biophysical interpretation of the imaging
data, and advanced new ideas about how Neuroligin-Neurexin
interactions play essential roles in organizing the synaptic cleft.

Emphasized by all these findings, it is clear that further
exploration is still needed of how subsynaptic protein
nanoclusters/nanodomains govern synapse function. The
importance of this undertaking is even further emphasized
by work here from Sun et al., who used dSTORM to image
the nanometer-scale trans-synaptic alignment of key proteins
in the active zone and PSD during synaptic development and
maturation. They report that despite profound changes in
the abundance and nanoarchitecture of these proteins across
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early development in culture—or even following prolonged,
total blockade of neuronal activity—transcellular protein
nano-alignment remained robust.

Progress in electron microscopy of
synapses

The field of electron microscopy is teeming with technical
advances in microscopy (e.g., significantly larger, faster, and
more sensitive electron detection cameras, much better optics
and much more stable stages and more efficient computer-
driven automated image acquisition schemes), new and
improved sample preparation techniques and advances in
image processing software development are all powering
new discoveries.

Here we collected three EM related papers as vignettes
of this blooming field. To further dissect structural basis
of synaptic transmission, information of subsynaptic
structures/organelles now often need to be quantified in
specifically designed experiments. Watanabe et al. reported
their development of sets of image analysis programs for aiding
quantitative morphometric analysis (e.g., location and number)
of subcellular organelles such as vesicles, endosomes in synaptic
terminals, this would be especially useful for large bulk of
serial section EM images where manually analysis might be
too daunting and unproductive; they also introduce a scheme
to address sampling biases in image analysis, a much needed
feature to have.

Petralia et al. provided a review of a class of
underappreciated structures called invaginations, small
outward projections from one cell membrane to another in
various synaptic junctions, which is often too small to be seen
by light microscopy and was often misidentified by traditional
thin section EM. Invaginations appear to be important for
further understanding processes in synaptic development,
maintenance, and plasticity. Now, focused ion beam-scanning
electron microscopy (FIB-SEM), one of the new 3D EM or
volume EM methods, makes tracing and detailed analysis of
these invaginating structures possible.

3D volume EM uses fixed, heavy metal-stained, and plastic-
embedded brain tissues imaged by serial block-face scanning
EM (SBEM), requiring either mechanical serial sectioning (Denk
and Horstmann, 2004) or FIB milling (Knott et al., 2008; Wu
et al,, 2017; Xu et al,, 2021) and imaging with back-scattered
electrons. Larger sample volumes are imaged by the automated
tape-collecting ultramicrotome (ATUM), where ~30 nm thick
serial sections are imaged by SEM (Kasthuri et al, 2015) or
by transmission EM (Yin et al., 2020) to allow reconstruction
and mapping of thousands of synapses in the neuropil (Hua
et al,, 2015). The resulting huge 3D datasets requires machine
learning based automated segmentation (Heinrich et al., 2021).
For volumes < ~100 cubic micrometers, thick-section bright
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field scanning transmission EM (STEM) tomography of 1-
2 pm thick plastic embedded sections provide 3-4 nm isotropic
resolution without sectioning resulted in reconstructions of
entire ribbons in rat rod bipolar cell ribbon synapses (Graydon
etal., 2014) and smaller spines or entire PSDs (Chen et al., 2014,
2015) in rat hippocampal cultures. Another useful technique
is the development of the conjugate light and EM array
tomography (Collman et al., 2015), which enables mapping the
transmitter types in large numbers of synapses in brain tissue in
great detail.

Finally, Szule provided detailed hypotheses of molecular
identities of various structures in the regular array of a large
macromolecular assembly, the active zone material, a dedicated
molecular machinery responsible for vesicle retention, delivery
and fusion at the presynaptic terminal of the frog neuromuscular
junction (NMJ). The organization of these active zone materials
and its structural model was based on 3D reconstructions
from EM tomography of fixed or freeze-substituted frog NM]J.
A molecular level structural model detailing vesicle fusion
processes at the presynaptic terminal of the NM]J active
zone might have broader implications for understanding the
molecular basis of synaptic transmission in other types of
synapses in general. Super-resolution light microscopy is now
revealing the molecular organization of active zone proteins
at NMJ (Badawi and Nishimune, 2020). It would be of great
interest to see a unified molecular structural model based on EM
and LM in the near future.

Transmission EM tomography of synapses has allowed the
creation of 3D reconstructions to delineate organization
of subsynaptic organelles, key synaptic proteins, and
macromolecular complexes at pre and postsynaptic terminals
in fixed or high pressure frozen and freeze-substituted neuronal
culture, brain slice culture or nerve tissue (Harlow et al., 2001;
Chen et al., 2008; Burette et al., 2012; Watanabe et al., 2013;
Imig et al., 2014) and in vitrified hydrated synapses in neuronal
cultures or isolated synaptosomes using cryo-EM tomography
(Zuber et al., 2005; Fernandez-Busnadiego et al., 2013; Tao et al.,
2018; Martinez-Sanchez et al., 2021). Structures reconstructed
by EM tomography provide size, shape, and location of
protein complexes, subcellular organelles in synapses, but at
current 2-4nm resolution, cannot guarantee unambiguous
molecular identification of individual structures at synapses.
Matching the size and shape of structures in tomograms to high
resolution structures of individual proteins such as PSD-95
MAGUKs (Nakagawa et al., 2004) or extracellular domains
of glutamate receptors (Nakagawa et al, 2005; Sobolevsky
et al, 2009) may lead to molecular identity. Efforts were
made to combine immunogold labeling (Chen et al., 2008,
2011) or miniSOG (Chen et al.,, 2018) with EM tomography
to identify a certain class of structures at synapses such as
PSD-95 as vertical filaments at the PSD. In other cases, KO
animals (Fernandez-Busnadiego et al., 2013; Imig et al., 2014;
Schrod et al., 2018) or protein knockdown (Chen et al,, 2011,
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2015) were combined with EM tomography to test hypotheses
regarding molecular identity of classified structures. Recent
work using averaging techniques in cryo EM tomograms
(Liu et al., 2020; Martinez-Sanchez et al., 2021) showed that
individual receptors at synapses might be identifiable by their
extracellular domain morphology. Finally, it will be exciting
to see how two major approaches to molecular nanostructure,
direct imaging of proteins in cryo-fixed samples using cryo-
ET combined with subsequent identification of protein
identity vs. imaging of fluorescently labeled proteins using
super-resolution microscopies, with MINFLUX (Balzarotti
et al., 2017) reaching nanometer resolution, will converge on
synaptic nanoarchitecture.

Together, the articles of this Research Topic highlight that
synaptic nanoarchitecture is a blossoming field helping to grow
and propagate important technical advances and unearthing
new insight to synaptic function. We close this volume of the
topic with hope that we will come back to this lively garden of
ours in due time to welcome more papers that highlight exciting
new progress and development in this vibrant field. We look
forward to seeing you then!

Author contributions
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The structural features of a synapse help determine its function. Synapses are extremely
small and tightly packed with vesicles and other organelles. Visualizing synaptic structure
requires imaging by electron microscopy, and the features in micrographs must be
quantified, a process called morphometry. Three parameters are typically assessed from
each specimen: (1) the sizes of individual vesicles and organelles; (2) the absolute
number and densities of organelles; and (3) distances between organelles and key
features at synapses, such as active zone membranes and dense projections. For
data to be meaningful, the analysis must be repeated from hundreds to thousands of
images from several biological replicates, a daunting task. Here we report a custom
computer program to analyze key structural features of synapses: SynapsEM. In short,
we developed ImageJ/Fiji macros to record x,y-coordinates of segmented structures.
The coordinates are then exported as text files. Independent investigators can reload the
images and text files to reexamine the segmentation using Imaged. The Matlab program
then calculates and reports key synaptic parameters from the coordinates. Since the
values are calculated from coordinates, rather than measured from each micrograph,
other parameters such as locations of docked vesicles relative to the center of an
active zone can be extracted in Matlab by additional scripting. Thus, this program can
accelerate the morphometry of synapses and promote a more comprehensive analysis
of synaptic ultrastructure.

Keywords: electron microscopy, synapse, morphometry, ultrastructural analysis, SynapsEM

INTRODUCTION

Understanding the mechanisms of synaptic transmission requires detailed characterizations of
synapses at the ultrastructural level. To release neurotransmitters, synaptic vesicles fuse at a
specialized membrane domain of the presynaptic terminal called the active zone (Couteaux and
Pécot-Dechavassine, 1970; Heuser et al., 1979). A subset of vesicles are docked, that is, in contact
with the active zone membrane by morphology (Schikorski and Stevens, 1997; Hammarlund
et al., 2007; Imig et al, 2014), and fuse in response to calcium influx (Heuser et al., 1979;
Heuser and Reese, 1981). Following fusion, these vesicles are recycled locally via endocytosis
and components sorted in an endosome to sustain synaptic transmission (Ceccarelli et al., 1972;
Heuser and Reese, 1973; Dittman and Ryan, 2009; Saheki and De Camilli, 2012; Watanabe
et al,, 2013a,b, 2014; Kononenko and Haucke, 2015). However, the structures involved in synaptic
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SynapsEM

membrane trafficking are extremely small. For example, synaptic
vesicles are 30-50 nm in diameter (Zhang et al, 1998), and
a few hundred vesicles are clustered within a synaptic bouton
(Schikorski and Stevens, 1997; Shepherd and Harris, 1998),
which is only ~0.5-1 pm in diameter. Moreover, a vesicle may
move only a few nanometers to fully engage the active zone
membrane during docking (Hammarlund et al., 2007; Imig et al.,
2014), and this state is quite dynamic (Chang et al., 2018; Kusick
et al., 2020). Given these dimensions, synaptic morphometry
requires the resolution of electron microscopy.

Morphometry is typically performed on an electron
micrograph of a single synaptic profile from a 30-70 nm-thick
section. Analyses from ~200 synaptic profiles are then summed,
and results are compared between controls and experimental
samples, such as mutants or drug-treated neurons. In each image,
the following features are analyzed: the size of membrane-bound
structures such as vesicles and other organelles, the number of
these structures, and the distance of these structures from the
active zone membrane, the plasma membrane, and if apparent,
electron-dense cytomatrix (dense projection) that presumably
harbors calcium channels. The organelles identified in serial
electron micrographs can be “segmented” by tracing and
characterized manually by measuring the sizes of the organelles
and distances of these structures to the relevant membranes.
Thus, manually measuring features in electron micrographs
is labor-intensive, requiring extra effort to record annotated
features in such a way that they can be easily reexamined.

To overcome these issues, we developed an analysis workflow,
SynapsEM, that integrates Image] macros and Matlab scripts
for the morphometry of synapses from electron micrographs
(Figure 1). Specifically, the Matlab scripts first shuffle images
from different conditions, which are pooled into a single folder
(Figure 1A). This shuffling procedure reduces potential bias
during annotation. These images are imported into Image]
as a sequence (Figure 1A). With the freehand line tool, the
contours of the plasma membrane and the active zone membrane
are traced, and their x,y-coordinates are recorded in the ROI
manager (Figure 1B). Then, the diameters of vesicles are traced
using a straight line tool (Figure 1B inset), and the x,y-
coordinates at the centroid of vesicles are recorded. Additionally,
the membrane of endosomes can be traced with a freehand
selection tool, and x,y coordinates of the contour line recorded.
Once all structures are annotated from an image, the values
in the ROI are exported as a text file (Figures 1B,C). The
text file can be imported back to Image] for re-evaluation by
independent researchers. This re-evaluation step is not required
but independent confirmation of segmentation calls makes the
annotation more accurate. When all images are analyzed, the
resulting text files are unblinded and imported into Matlab
(Figure 1C). The custom scripts then calculate the distances of
membrane-bound structures to the active zone membrane as well
as the plasma membrane. The numbers and diameters of these
structures are also determined. These data are then compared
between different conditions computationally; the researcher
remains blinded to individual images. The outputs of the scripts
can be saved or exported to other programs for statistical analysis.
SynapsEM can be applied to serial-section data, but one must

be cautious about overcounting structures that span in multiple
sections. Overall, this workflow expedites the analysis of synaptic
ultrastructure, reduces the experimental biases associated with
manual image annotation, and unifies the method of analysis
across many labs.

MATERIALS AND EQUIPMENTS

The following materials are required for the procedures described
in this manuscript.

- Electron micrographs, preferably acquired with the
same camera setting on the same microscope for a set
of experiments.

- A computer (no specific requirements as long as it meets the
system requirement for the Matlab program).

- A computer keyboard with a numeric keypad.

- Matlab, MathWorks (The scripts were originally written in
Matlab 2008, and have been added to in versions up to Matlab
2020).

- Matlab custom scripts (available from https://github.com/
shigekiwatanabe/SynapsEM).

- Fiji (or Image]).

- Macros (available from https://github.com/shigekiwatanabe/
SynapsEM).

- Maya for 3-D rendering (optional).

- Wacom tablet (Cintiq 22HD), or another pen tablet (optional,
but makes annotating many images easier).

METHODS

Randomizing Images

Images from multiple samples should be analyzed in a batch
to minimize the potential bias during the analysis. Shuffling
removes any possibility of conscious or unconscious bias
between samples, eliminating any variables in analysis apart
from different samples themselves. Even with blinded, but not
scrambled images, the analysis can be skewed when they are
analyzed in different batches: this can range from an obvious
phenotype making it clear which condition a sample is, to
simple day-to-day differences in the segmentation, to a novice
improving the accuracy of their segmentation as they work
through more images in an experiment. For this purpose,
all images for single experiments are pooled into one folder
(Figure 1A). These images should be duplicates of the original
images to keep the original data intact. To ensure the original
images are safe, the program asks whether the images should
be duplicated when the “randomize” code is run in Matlab.
Answering “yes” to this question will make copies of the images
and randomize the duplicated images, leaving the original data
untouched. In the popup window, select the directory (folder)
that contains all images for an experiment. After the selection,
another window pops up, prompting the user to select all images.
Select all images to be randomized. At the end of the program,
randomized images are found in the “randomized” folder, nested
in the directory where the original images are (Figure 1A). The
key is named “key.mat” and is also saved in the “randomized”
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FIGURE 1 | Synapse morphometry using synapsEM. (A) A schematic showing the image randomization procedure. In each experiment, images are collected from
multiple samples (i.e., control, mutants, drug-treated). Ideally, image acquisition should also be done blinded. These images are pooled into the same folder and then
randomized using the “randomize.m” Matlab script. Running this program creates a new folder, named “randomized,” and transfers the images into this folder with
the randomized number assigned to each image. These images should be opened in ImagedJ or Fiji as a virtual stack using the F1 key after installing the
“synapsEM_analysis_macro.txt” macro. (B) A schematic showing the procedure for image annotation. After opening the images in ImagedJ/Fiji, membranes can be
traced using specific tools and hot keys (as denoted in red). Note that all structures annotated are recorded into the ROl manager. For vesicles, draw a line across
the vesicle membrane as shown in the inset. After pressing a hot key corresponding to the structure (i.e., “1” for synaptic vesicle in this case), the macro draws a
circle using the drawn line as a diameter for the vesicle. When the annotation is complete, the structures listed in the ROl manager can be exported by simply
pressing “e” on the computer keyboard. (C) A schematic showing the final steps of the morphometry. After all images in the dataset are annotated, the resulting text
files must be first checked for errors using the “start_data_check” script in Matlab. After corrections, the text files can be decoded based on the original names of the
corresponding images using the “unblind_me” script. This script duplicates the text files, decode the copied files, and move them to the “unblinded” folder. The
decoded text files can be further processed for analysis. The sentences in red, green, and blue indicate the commands, the directory of files, and the software used,
respectively. Scale bars = 100 nm.
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folder (Figure 1A). This file must be kept safe until the analysis
is complete.

Opening Images

Morphometry is performed in Fiji. Start Fiji, and install the
“synapsEM_analysis_macro.txt” by navigating to the plugin
dropdown menu, clicking on “Macros” and then “Install,”
and selecting the “synapsEM_analysis_macro.txt” file. For
easy access to the file, it is highly recommended to store
this macro in the ~/Fiji/macros directory so it is readily
accessible. To skip this installation procedure, the contents
of “synapsEM_analysis_macro.txt” can be copied into the
StartupMacros.fiji.ijm, which is found in the ~/Fiji/macros
directory, since all the macros in this file are activated as
Fiji starts up.

To start the analysis, the randomized images should be
opened as a stack (Figure 1A). Press the “F1” key to import the
image sequence as a virtual stack—the pixel size information on
tif files will be converted such that each pixel is one arbitrary unit
when the “F1” hotkey is used. If images are opened through “File,
Import, Image sequence” or simply dragging a folder to Fiji, it is
important to “set scale” through the “Analyze” drop-down menu
and type in 1 for the “distance in pixels” and 1 for the “known
distance.” This conversion of the pixel size can also be performed
by pressing “F2.” When working with a large dataset, it is highly
recommended that images are opened as a virtual stack.

Segmenting Images

The eventual goal of segmentation is to determine the size of
vesicles and other membrane-bound organelles, the numbers
or density of these structures, and the distribution of these
structures relative to the plasma membrane or active zone
membrane. The macros are set up to record x,y-coordinates
of the structures of interest and their size information in the
ROI manager window. These macros are accessed through hot
keys, as listed in Tables 1, 2. Three sets of line tools are used
to trace different features at synapses. A straight line tool (the
Fiji tool #1) is accessed with “F5” and used to annotate closed
and near-uniformly circular structures like synaptic vesicles,
large vesicles, and dense-core vesicles. A freehand selection
tool (the Fiji tool #3, “F4”) is used to segment closed and
irregularly-shaped structures such as endosomes. A freehand
line tool (the Fiji tool #7, “F6”) is used to segment open-ended
structures, such as plasma membranes, active zone membranes,
and pits.

When an appropriate tool in Fiji is selected (Table 1),
objects in the micrograph can be segmented using hot keys
listed in Table 2 (Figure 1). For open-ended membranes,
trace the contour of the membranes as closely as possible
using the freehand line tool. From each micrograph, one
plasma membrane (“0”) and at least one active zone membrane
(“9”) must be segmented. Since some synapses have multiple
active zones (Figures 2A,B), judged based on the presence of
postsynaptic density in the juxtaposed membranes, more than
one active zone can be defined per micrograph. However, a
single plasma membrane should be drawn in each image. In
some synapses, presynaptic dense projections are prominent

in the active zone (Zhai and Bellen, 2004; Watanabe et al.,
2013a), and they can be traced using the same tool and added
to the ROI Manager by pressing “d” for dense projection
and “r” for the synaptic ribbon. If membranes are deflected
inward, towards the cytoplasm (Figures 1A-C, 2E,F), they can
be traced as pits (“U”), although the exact nature of these
membrane invaginations, whether exocytic, endocytic, or simple
membrane ruffles, must be determined with careful experiments
(Watanabe et al., 2013a,b, 2014). If any of these pits are clearly
covered with electron-dense materials indicative of clathrin-coats
(Heuser and Reese, 1973), they can be annotated as clathrin-
coated pits (“7”). Note that the active zone membrane is drawn
under the pit where the plasma membrane would have been
before exocytosis when prominent pits like the one in Figure 1B
are present within the active zone. Pits are classified as being
“within the active zone” (Figure 1B) if their segmentation
overlaps with the traced active zone membrane at two points
or if both ends are within 5 nm of the active zone membrane
(that is, the entire pit is in the active zone). Otherwise, pits
are classified as being “outside the active zone” (Figures 2E,F).
Thus, these features must be traced carefully so that pits inside
and outside the active zone are properly distinguished from
each other.

For vesicles, use the straight line tool to draw a line across
the outer edges of a vesicle (Figure 1D). By doing so, the
diameter of a vesicle as well as the x,y-coordinates at the center
of the line are recorded in the ROI manager. A circle is drawn
on the vesicle based on the diameter. Synaptic vesicles can be
manually categorized (Figures 2G,H) into docked—no lighter
pixels between vesicle membrane and plasma membrane (“3”),
tethered when a vesicle is close but not docked and has visible
tethers to the plasma membrane (“2”), and all other vesicles in
the terminal (“17”; Figures 2G,H). If not categorized, docking
will be determined by the overlap between the vesicle membrane
and the plasma membrane. However, tethered vesicles must be
annotated by visual inspection, since they are defined as having
a physical tether to the plasma membrane (Watanabe et al,
2013b). The same line tool is used to annotate other types of
vesicles including clathrin-coated vesicles (“8,” Figures 2C,D),
dense-core vesicles (“4” and “5” if docked, Figures 2E-H), and
large vesicles (“6,” Figure 1B). Large vesicles are clear-core
vesicles with a diameter of 60-100 nm that may be involved
in exocytosis (He et al., 2009; Borges-Merjane et al., 2020;
Maus et al., 2020), endocytosis (Watanabe et al., 2013a,b, 2014;
Kononenko et al,, 2014), and cargo trafficking (Ou et al., 2010;
Vukoja et al., 2018). If preferred, all vesicles can be annotated as
synaptic vesicles using “1.”

Endosomes are also quite prevalent at presynaptic terminals.
Although their identity is difficult to determine from single
profiles, we define structures as endosomes if they are larger
than 100 nm by visual inspection or have irregular shapes
(Figures 2E,F; Watanabe et al., 2014, 2018). To trace endosomes,
the freehand selection tool (“F4”) is used to follow the contour
of the putative endosomal membrane, and press “0” from
the numeric keypad to add the coordinates (“n0”—hereafter,
when a number is preceded by n, it will refer to the number
key on the numeric keypad). Their areas are also recorded
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TABLE 1 | Alist of hot keys, encoded in macros for ImageJ/Fiji.

Analysis tools in ImageJ/Fiji Tool# Hot keys
Freehand selection tool 3 F4
Straight line tool 1 F5
Freehand line tool 7 F6

TABLE 2 | Alist of hot keys, encoded in macros for ImageJ/Fiji.

Structures to be segmented Hot keys  Analysis tools in ImageJ/Fiji
Synaptic vesicles 1 Straight line tool
Tethered synaptic vesicles 2 Straight line tool
Docked synaptic vesicles 3 Straight line tool
Dense-core vesicles 4 Straight line tool
Docked dense-core vesicles 5 Straight line tool
Large vesicles 6 Straight line tool
Clathrin-coated pits 7 Freehand line tool
Clathrin-coated vesicles 8 Straight line tool
Active zone membrane 9 Freehand line tool
Plasma membrane 0 Freehand line tool
Endosomes no Freehand selection tool
Ferritin+ synaptic vesicles ni Straight line tool
Ferritin+ tethered synaptic vesicles n2 Straight line tool
Ferritin+ docked synaptic vesicles n3 Straight line tool
Ferritin+ large vesicles n4 Straight line tool
Ferritin+ clathrin-coated vesicles n5 Straight line tool
Ferritin+ pits n6é Freehand line tool
Ferritin+ multivesicular bodies n7 Freehand selection tool
Ferritin+ endosomes n8 Freehand selection tool
Ferritin+ buds on endosomes n9 Freehand line tool
Pits u freehand line tool
Multivesicular bodies m Freehand selection tool
Particles p Straight line tool
Import a text file i N/A
Export ROI as a text file e N/A
Synaptic ribbon r Freehand line tool
Dense projection d Freehand line tool

J

Buds on endosomes Freehand line tool

in the ROI manager. For multivesicular bodies (MVBs), press
“m.” Currently, endosomes and MVBs are the only such
structures traced in our study, but this analysis can be
extended to other irregularly shaped structures like mitochondria
and autophagosomes.

Ferritin or gold particles, as well as organelles that contain
them, can also be tracked as distinct structures (Figures 2I-L).
Ferritin is typically used as a fluid phase marker to track recently
endocytosed membranes (Watanabe et al., 2013b, 2014, 2018),
while gold particles are often conjugated with antibodies or other
moieties for affinity interaction to probe proteins of interest (Li
et al., 2020). In addition to the plasma membrane and active
zone membrane, pits with particles can be annotated using
the freehand line tool and recorded with “n6” on the numeric
keypad. For particle-containing vesicles, use the straight line tool,
and add them to the ROI manager by pressing “nl” for any
vesicles, “n2” for tethered vesicles, “n3” for docked vesicles, “n4”
for large vesicles, and “n5” for clathrin-coated vesicles (Table 2).
The particles themselves can be annotated using the same tool
and hitting the “p” on the keyboard. Particle-positive endosomes
and MVBs are traced using the freehand selection tool and
recorded with “n8” and “n7,” respectively.

For other structures, the best practice is to annotate using
hot keys of structures similar to the structures of interest.
For example, mitochondria can be marked as “particle-
positive MVBs (n7)” or “particle-positive endosomes (n8)”
for the analysis purpose. Likewise, any vesicular structures
can be annotated with particle-positive vesicles (n1-n5) since
these structures are normally not annotated unless ferritin or
something similar is used in the study. Be sure to take notes on
what keys are used.

As a cautionary note, the distance between membranes is
calculated at the minimum, that is, from the outer leaflet of a
vesicle to the inner leaflet of the plasma membrane or active
zone membrane. Accordingly, it is highly recommended to use
images acquired at a sufficient spatial resolution (i.e., less than
1 nm/pixel) and use a pen tablet to trace objects. Since electron
micrographs might not be acquired at the same settings, the
contrast should be adjusted in each image to make the features-
of-interest appear clear for analysis.

Exporting as a Text File

When segmentation is completed from an image, the annotated
structures in the ROI manager can be exported as a text file. Press
“e” on the keyboard (Figure 1B). This macro then generates a
text file containing all the segmented structures in the order of
the ROI manager list. The text file is named after the image and
automatically saved in the folder where the image is. The Fiji
screen advances to the next image after the text file is saved. In
the text file, the record of each structure is organized as follows:
the tool used to annotate (by its Fiji tool number), the name of
a structure, area or length of a structure if it is not a vesicle,
x-coordinate(s), y-coordinate(s), and radius of a vesicle if it is a
vesicle. These values are separated by a tab character (ASCII 09).
The record in the ROI manager will be erased after the export
is complete.

Importing a Text File

After completing the analysis for all images, it is important to
check whether all the essential components are segmented in
every image and the text files are compatible with the Matlab
codes. To check, run the “start_data_check” function in Matlab
(Figure 1C). If any data are missing or more than one plasma
membrane are annotated, this function returns the names of the
files and the description of the problems associated with the files
in the command window. To fix the problems or reevaluate the
annotations, the records in a text file can be imported back to
the correct image in a stack. On the image of interest, press “i”
to import the text file. If there is a text file corresponding to
this image in the folder, the segmentation will automatically pop
up and the records in the ROI manager. If the list in the ROI
manager is modified, press “e” again to export the modified list to
the text file. Note that this process will overwrite the existing file.

Unblinding the Text Files

After ensuring that all images are annotated correctly, the
resulting text files can be unblinded for further analysis by the
Matlab scripts (Figure 1C). To unblind the shuffled text files, use
the “unblind_me” script in Matlab. This script prompts users to
define the directory where the key is and where the text files are.
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FIGURE 2 | (A-L) Example micrographs (A,C,E,G,1,K) and their annotations (B,D,G,H,J,L), showing structures that can be traced using the ImageJ/Fiji macros
(“synapsEM_analysis_macro.txt”). (A,B) Multiple active zones in a single synaptic profile. (C,D) Clathrin-coated vesicle. (E,F) Dense-core vesicles and endosomes.
(G,H) Docked or tethered synaptic vesicles in active zones. (l,J) Gold particles. (K,L) Ferritin-containing vesicles. See Table 2 for the full list of structures and hot
keys to enter into the ROl manager. Scale bars = 100 nm.

After selecting the files, the text files will be renamed based on  (numbers of synaptic vesicles, docked vesicles, endosomes, etc).
the names of the original images and copied into a new folder,  To start, select the directory where all the scripts are located,
called “unblinded,” nested within the folder with the shuffled text ~ and then type in “start_analysis” in the command line. Since
files. Matlab analysis should be performed using the unblinded  the data analysis for each sample must be run separately,

text files. we typically define the name of the sample at this stage
(i.e., control_1 = start_analysis;). The program prompts users to
Running Matlab Scripts input the pixel size for the images (nm/pixel) and the size of the

The Matlab scripts are designed to use the spatial coordinatesand  bin (i.e., 50 nm), which is used for plotting the distribution data
size information of annotated structures to calculate the distances ~ such as locations of vesicles relative to the active zone. Then, a
among them and extract count data for annotated features  user interface pops up, first asking to choose the directory where
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the text files are and then to select all the text files. The files are
then loaded into Matlab for processing.

The scripts are designed to perform the following three
calculations: size, number, and distribution of distances from
the plasma membrane and active zone, of the vesicles and
endosomes. First, the sizes of the structures are calculated based
on the pixel size, and the mean and median diameter of vesicles,
as well as 1-D surface area of and 2-D space within endosomes,
are determined from the sample. These numbers are available as
an average in a single image or an average for the sample. For
pits, the diameter is calculated at the full-width half-maximum.
Besides, the scripts also calculate the depth (height), the width at
the base, and the surface area of the pits. These data are available
as a number array in the final dataset.

Second, the total numbers of structures are calculated from
each profile and then their mean and median are determined.
The total numbers are additionally sorted based on their
locations relative to the active zone and plasma membrane.
For example, if a vesicle is within 30 nm of the plasma
membrane and also within 30 nm of the active zone, this
vesicle is counted towards the vesicle-associated with the
active zone. If a vesicle is within 30 nm of the plasma
membrane but not associated with the active zone membrane
(>30 nm), this vesicle will be categorized as a vesicle in
the periactive zone. If neither condition is met, the object is
considered cytoplasmic. The distinction between vesicles above
the active zone vs. the periactive zone is somewhat arbitrary
but useful for detecting certain vesicle pools. For example,
synaptic vesicles within 30 nm of the active zone membrane
(about two rows of vesicles) are thought to contribute to the
readily releasable pool (Schikorski and Stevens, 2001), and their
numbers are often reported (Richmond et al., 2001; Hammarlund
et al., 2007). Vesicles or pits in the periactive zone reflect
endocytic events since they correlate with the internalization
of fluid phase markers and are typically observed hundreds
of milliseconds after an action potential (Watanabe et al,
2013b, 2014, 2018). In contrast, pits within the active zone
represent fusing vesicles since they appear a few milliseconds
after an action potential (Watanabe et al., 2013a,b; Kusick et al.,
2018). The distance threshold in nanometers can be moved by
changing the number in line number 65 in the source code
(vesicle_count.m) from 30 to the desired number. After the
analysis, the number of data is available in the “vesicle_number”
table as a number array. The key to interpreting the array is listed
in Supplementary Table 2.

Third, they calculate the minimal distance from each structure
to the plasma membrane and active zone membrane and
determine the distribution of each structure relative to these
membranes. For a vesicle, the distance from the center to every
point on the plasma membrane, active zone, and if annotated,
dense projection is calculated, and the radius of the vesicle is
subtracted such that the distance is determined from the outer
edge of the vesicle to the membrane. Then, the minimal distance
is reported as the final distance. If the distance is calculated to
be 0 nm from the plasma membrane, the vesicles are considered
docked, and they will be categorized into the docked pool for
the numerical calculations. For endosomes and other irregularly

shaped organelles, to determine the distance to the plasma
membrane and active zone, we calculate numerous distances
from the organelle membrane to the synaptic membrane and
find their minimum. The distances can be plotted as continuous
frequency distribution with no binning if enough data are
collected. However, the distribution of structures is typically
determined by calculating the number of the structures at certain
distances away from the active zone membrane or if annotated,
the dense projection based on the bin the user specifies
(i.e., 50 nm). The resulting tables show their average number and
normalized abundance at each bin (Supplementary Table 1).

The output of the Matlab scripts appears in the workspace
as a structure array and can be compared between different
conditions or samples (e.g control vs. mutants, or glutamatergic
vs. GABAergic neurons). To compare, all other samples in a
single experiment should be processed by the same procedure
(i.e., mutant_1 = start_analysis; in the command line). After all
the samples are processed, the workspace should be saved in
.mat format.

For plotting the data and statistical analysis, we export the
data to Prism. Several optional scripts are available to re-organize
the data for exporting. Please refer to the Supplementary
Information. Step-by-step protocols are also available in the
Supplementary Information.

RESULTS

To validate program scripts, the computed data were compared
to manually segmented data. Specifically, we segmented
10 images using the procedures described above and calculated
distances from ~25-30 vesicles to the active zone membrane
using the Matlab scripts (Figure 3A: diameter of synaptic
vesicles). Then, we manually measured the distances from
those vesicles to the nearest active zone membrane based on
visual inspection. We repeated the measurements three times to
estimate errors caused by manual measurement. We then plotted
the disparities between distances determined by the different
methods. On average, the difference between the calculated and
measured distances was 1.4 nm (Figure 3B; median and 95%
CI). This number is similar to the error made by repeating the
manual measurements three times on the same set of images
(1.3 nm median, Figure 3B). The overall distribution of synaptic
vesicles is also unchanged (Figure 3C). Thus, the calculations
based on the x,y-coordinates of structures are valid and produce
data as accurate as manual measurements.

Based on the data from these 10 images, we determined
key synaptic parameters of synapses from cultured mouse
hippocampal neurons (14 days in vitro). The diameter of
synaptic vesicles was 39.6 + 0.2 nm (mean + SEM) when
all vesicles in the set were pooled, and 40.1 £+ 0.6 nm
(mean £ SEM), when the numbers were first averaged per
profile and then the mean of means was determined from
the entire dataset (Figure 3D). The mean of means would
better represent the population average. The average number
of synaptic vesicles per profile was 51 (Figure 3E, median, and
95% CI shown). About four vesicles were found within 30 nm
of the active zone membrane; of these, ~2 vesicles were docked
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FIGURE 3 | Example plots that can be readily generated with the synapsEM. (A) A cumulative plot showing the diameter of all vesicles annotated from 10 sample
images used in this study. A total of 590 vesicles are annotated. (B) A scatter plot showing the disparity in distances of vesicles to the active zone membrane
between the Matlab calculated and manually measured (left) or among three manually measured (right). Each dot = one measurement. The medians are 1.4 nm and
1.3 nm, respectively, (p = 0.8, unpaired t-test). (C) A plot showing the distribution of vesicle distances from the active zone membrane. No difference is observed
between the Matlab calculated and manually measured (p > 0.99, Kruskal-Wallis test with Dunn’s multiple comparison test). (D) A plot showing the diameter of
synaptic vesicles, averaged from all vesicles pooled (left, 39.6 & 0.2 nm, mean 4+ SEM) and means of each profile (right, 40.1 £+ 0.6 nm, mean + SEM). (E) A plot
showing the number of vesicles in the terminal. Each dot = the number in each profile. (F) A plot showing the number of vesicles docked or tethered at the active
zone or all vesicles within 30 nm of the active zone membrane. Each dot = the number in each profile. (G) A plot showing the distribution of synaptic vesicle
distances to the active zone. Gray lines = the normalized distance distribution from each profile. Black line = average from 10 profiles. Red line = the normalized
abundance from the pooled data.

on average (Figure 3F). It is sometimes useful to normalize  of a synaptic bouton defined by the presence of synaptic
vesicle numbers and docking to the size of the active zone.  vesicles). The average number of synaptic vesicles per profile
To accommodate this calculation, the length of active zones  and per reconstructed synapse were 35.5 and 394, respectively
is accessible in the output (Supplementary Table 2), and the  (Figures 4A-C,E). Of the ~5 vesicles within 30 nm of the active
average is also determined (median = 385 nm). Although n  zone membrane in single profiles, an average of 3 are docked
is small, these numbers are surprisingly close to the numbers  per synaptic profile (Figure 4D), thus, 8.5% of the total vesicle
we have obtained from thousands of images across many  pool are docked in the active zone. Similarly, 9% of the total
experiments (Watanabe et al., 2013b, 2014; Kusick et al., 2018;  vesicles in the reconstructed boutons were docked (Figure 4F).
Li et al, 2020). The distribution of distances from synaptic =~ Thus, the docked pool can be estimated from the synaptic profile
vesicles to the active zone can be mapped from each synaptic  data, as has been done in previous publications (Hammarlund
profile (gray lines), averaged numbers per profile (black line, et al., 2007; Watanabe et al., 2013a). Since dense projections
mean £+ SEM), and the data all combined (Figure 3G, red line).  are apparent at these synapses (Figure 4A), distances between
Thus, typical synaptic parameters can be measured and plotted  synaptic vesicles and docked vesicles and the dense projection
using SynapsEM. can be calculated (Figures 4G,H). The median radial distance

SynapsEM was used to segment data from other model from the dense projection for all vesicles was 140 nm, while the
systems. We performed the same analysis using serial median radial distance from the dense projection for docked
sections of C. elegans neuromuscular junctions (Figure 4, vesicles was 67 nm, suggesting that vesicles tend to dock near
n = 5 reconstructed synapses). In these reconstructions, the the dense projections, where voltage-gated calcium channels are
numbers can be calculated per synaptic profile containing a  harbored (Gracheva et al., 2008). Thus, SynapsEM works with
dense projection or per fully reconstructed synapse (end-to-end ~ both 2D and 3D datasets from multiple model systems.
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FIGURE 4 | SynapsEM works with other model systems and with 3D reconstruction programs. (A) An example micrograph from a serial reconstruction of a C.
elegans neuromuscular junction, shown in (B). Fourty-eight raw electron micrographs (33 nm each) in series are segmented in Fiji, and x,y-coordinates of each
structure exported into text files (i.e., x,y-coordinates from the contour of endosomes, dense projections, plasma membrane). Using x,y-coordinates, polygonal
meshes on membranes and dense projections are created using the “loft” command, and vesicles created using the “sphere” command in Maya (see
Supplementary Information). The z-coordinates for all structures in each slice were determined based on the slice number and increments of 33 nm. (B) A
snap-shot of the reconstructed synapse using Maya, based on the x,y-coordinates collected from each profile in this study. Red = docked synaptic vesicles;
Orange = synaptic vesicles; yellow = dense-core vesicles; white = large vesicles; purple = dense projections. (C) A plot showing the number of vesicles in single
synaptic profiles. Each dot = the number in a profile. (D) A plot showing the number of vesicles within 30 nm of the active zone membrane per profile, and the
number of those vesicles docked or tethered at the active zone. Each dot = the number in each profile. (E) The total number of synaptic vesicles from synapses fully
reconstructed from serial electron micrographs. (F) the number of vesicles within 30 nm of the active zone membrane per profile and the number of those vesicles
docked or tethered at the active zone from fully reconstructed synapses. (G) A plot showing the distribution of synaptic vesicle distances to the dense projection.
(H) A plot showing the distribution of docked synaptic vesicle distances to the dense projection. In (G,H), gray lines = the normalized distribution from each profile.
Black line = average from 26 profiles. Red line = the normalized abundance from the pooled data.
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DISCUSSION

Ultrastructural analysis of synapses has been performed by
many labs over the years. Excellent programs, for example,
IMOD (Kremer et al., 1996), TrakEM2 (Cardona et al., 2012),
and Reconstruct (Fiala, 2005; SynapseWeb, Kristen Harris),
provide visualization software for data acquired from either serial
sections or tomograms. SynapseEM is a Fiji plug-in designed
to quantify morphometric data from electron micrographs.
IMOD, TrakEM2, and Reconstruct can all perform similar
measurements but focus more on 3-D data, with in-depth
features for handling and rendering serial images or tomograms
not included in SynapsEM. TrakEM2 in particular offers similar
quantification procedures; SynapsEM’s benefit is an all-in-one
package, from scrambling raw images to outputting final data
tables, that is fast and easy to use even for those completely
unfamiliar with Fiji or Matlab, but also easily modified. These
procedures have been used by everyone from novices to
experts to quantitate tens of thousands of 2-D images and
over a thousand 3-D reconstructions (Watanabe et al., 2013b,
2014, 2018; Kusick et al., 2018; Li et al, 2020). Although
SynapsEM handles serial-section data, it is difficult to annotate
structures like endosomes and multivesicular bodies that span
across multiple sections, since images are randomized. Thus,
for serial-section data, careful re-evaluation is necessary after
unblinding. Alternatively, one can skip the randomization step
if desired.

Several  features streamline and standardize the
characterization of synaptic features. First, this approach allows
multiple experimenters to assess the validity of annotations,
reducing potential errors in the analysis. Second, automated
shuffling of images from different conditions reduces potential
bias in the analysis. Third, additional parameters can be
extracted from the dataset post hoc, since the positions of
structures are all recorded. For example, the locations of
pits relative to the center of an active zone can be calculated
based on their coordinates (Kusick et al, 2018; Li et al,
2020; also see Supplementary Information). Fourth, this
approach can also be applied to serial-sections to calculate
distances in three-dimensions (Kusick et al., 2018), similar
to IMOD (Kremer et al., 1996) and Reconstruct (Fiala, 2005;
SynapseWeb, Kristen Harris). Fifth, the 3D dataset can be
rendered into a segmented volume in Maya based on the
x,y-coordinates of the structures and their sizes (Figure 4B;
see Supplementary Information for the procedure). Thus,
SynapsEM is a versatile approach for the morphometry of
synapses. For truly universal and automated analysis, the
implementation of the machine-learning-based algorithms into
the SynapsEM platform is awaited. It is hoped that SynapsEM
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Synaptic active zone (AZ) contains multiple specialized release sites for vesicle fusion.
The utilization of release sites is regulated to determine spatiotemporal organization of
the two main forms of synchronous release, uni-vesicular (UVR) and multi-vesicular
(MVR). We previously found that the vesicle-associated molecular motor myosin V
regulates temporal utilization of release sites by controlling vesicle anchoring at release
sites in an activity-dependent manner. Here we show that acute inhibition of myosin
V shifts preferential location of vesicle docking away from AZ center toward periphery,
and results in a corresponding spatial shift in utilization of release sites during UVR.
Similarly, inhibition of myosin V also reduces preferential utilization of central release
sites during MVR, leading to more spatially distributed and temporally uniform MVR
that occurs farther away from the AZ center. Using a modeling approach, we provide a
conceptual framework that unites spatial and temporal functions of myosin V in vesicle
release by controlling the gradient of release site release probability across the AZ, which
in turn determines the spatiotemporal organization of both UVR and MVR. Thus myosin
V regulates both temporal and spatial utilization of release sites during two main forms
of synchronous release.

Keywords: synaptic transmission, neurotransmitter release, myosin V, release site, vesicle docking, release
probability, active zone

INTRODUCTION

Neurotransmitter release is governed by the fusion of synaptic vesicles at specialized release sites
at the synaptic active zone (AZ). The number, spatial distribution and temporal utilization of
release sites are thought to play important roles in regulating synaptic transmission (Neher, 2010).
Nanoscale imaging techniques have recently made it possible to detect individual vesicle release
events in central synapses revealing the presence of multiple discrete release sites within the
individual AZ. The number of release sites vary widely across the synapse population with estimates
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ranging from 2 to 18 per AZ (Tang et al, 2016; Maschi and
Klyachko, 2017; Sakamoto et al, 2018). These release sites
are distributed throughout the AZ with the nearest-neighbor
distances of ~80-100 nm, and co-localize with clusters of
pre-synaptic docking factors (Tang et al., 2016). Importantly,
release site usage is not uniform across the AZ, but rather
forms a gradient decreasing from the AZ center to periphery
with a ~fourfold difference in basal release probability between
most central and most peripheral release sites (Maschi and
Klyachko, 2020). Release site usage is also dynamically regulated:
vesicle release preferentially occurs at more central release sites
during low activity, but shifts away from AZ center toward
more peripheral release sites during high-frequency stimulation
(Maschi and Klyachko, 2017).

In addition to uni-vesicular release (UVR) when a single
vesicle fuses in response to an action potential, a multi-vesicular
release (MVR) is also prominent in many central synapses (Korn
et al., 1994; Tong and Jahr, 1994; Auger et al., 1998; Auger
and Marty, 2000; Wadiche and Jahr, 2001; Singer et al., 2004;
Christie and Jahr, 2006; Huang et al., 2010; Leitz and Kavalali,
2011, 2014; Rudolph et al., 2011; Malagon et al., 2016; Chanaday
and Kavalali, 2018). This form of synchronous release involves
fusion of two or more vesicles in response to a single action
potential in the same synapse and has been suggested to serve a
wide range of functions including enhancing synaptic reliability,
controlling synaptic integration and induction of several forms
of plasticity (Rudolph et al,, 2015). We recently found that
MVR events exhibit spatial and temporal patterns of organization
which are determined by the gradient of release site properties
across the individual AZs. MVR events are also often not perfectly
synchronized and are spatially organized with the first of the
two events comprising MVR located closer to the AZ center
(Maschi and Klyachko, 2020).

Thus the spatiotemporal organization of the two major forms
of synchronous release, UVR and MVR, are both determined
by the distribution of release site properties across individual
AZs. Yet the mechanisms controlling the heterogeneity and
utilization of release sites at the AZ in central synapses are
only beginning to emerge. Recent studies suggest that release
site refilling and utilization requires actin and myosins (Miki
et al, 2016, 2018; Mochida, 2020). Among actin-dependent
motors, myosin V is the principle motor known to be associated
with presynaptic vesicles in central neurons (Takamori et al.,
2006). We recently found that acutely inhibiting myosin V
markedly reduces the probability of release site reuse, and causes
a profound vesicle anchoring/docking defect (Maschi et al,
2018). This is consistent with EM observations of reduced
number of docked vesicles in neuroendocrine cells upon myosin
V inhibition (Desnos et al., 2007). Our single-vesicle tracking
measurements revealed that vesicles undergo cycles of docking
and undocking at the AZ and that myosin V controls vesicle
retention at release sites in an activity-dependent manner, but
not vesicle transport to the release sites (Maschi et al., 2018).
This function is consistent with myosin V’s ability to interact
with SNARE proteins, including syntaxin 1A and synaptobrevin,
and its transition from a transporting motor to a tether
in a calcium-dependent manner (Prekerisand Terrian, 1997;

Ohyama et al., 2001; Krementsov et al., 2004; Watanabe et al,
2005). In addition to this role for myosin V in supporting
vesicle retention at release sites, our previous results suggested
that spatial distribution of release is altered by myosin V
inhibition. Here we extended these studies to examine the role
of myosin V in determining spatial landscape of release site
usage across individual AZs and its role in regulating spatial
properties of UVR and MVR.

RESULTS

The Spatial Localization of Vesicle
Docking and Release in the Active Zone
Is Myosin V -Dependent

Our previous studies have shown that utilization of individual
release sites within an AZ forms a gradient decreasing from the
AZ center to periphery (Maschi and Klyachko, 2020). In other
words, more central release sites have a higher release probability
(Pr) and thus are preferentially used. We also found that myosin
V plays an important role in refilling of the individual release
sites with vesicles (Maschi et al., 2018) and therefore it actively
regulates the utilization (and thus the Pr) of release sites. To
explore the role of myosin V in spatially shaping the release
probability landscape across the AZs, we analyzed these datasets
using three independent approaches.

First, we examined the effects of acute myosin V inhibition
on the spatial distribution of individual release events in the AZ
of hippocampal boutons. Briefly, our imaging approach takes
advantage of a pH-sensitive indicator vGlutl-pHluorin targeted
to the synaptic vesicle lumen (Voglmaier et al., 2006; Balaji and
Ryan, 2007; Leitz and Kavalali, 2011) allowing detection of single
vesicle release events with ~20-27 nanometer precision (Maschi
and Klyachko, 2017). Single release events were evoked in
individual synapses at 37°C by 1 AP stimulation at 1Hz for 120 s
(or, in some experiments, with a 10Hz train for 10 s, repeated at
0.05 Hz with the same total recording time and number of stimuli
per frequency) with a frame duration of 40ms. We previously
observed that acute inhibition of myosin V with a selective agent
Myovin-1 (Myo-1) or with Pentabromopseudilin (PBP) caused
an increase in the average distance from release events to AZ
center, particularly during high-frequency (10 Hz) stimulation
(Maschi et al., 2018). Indeed, such a shift in location of vesicle
release upon myosin V inhibition is also evident in cumulative
plots of vesicle locations, particularly during high-frequency
synaptic activity (10Hz) (Figure 1B and Supplementary Table 1).

To understand how this spatial shift arises, we examined
changes in release site utilization upon myosin V inhibition.
Individual release sites within each bouton were defined using
hierarchical clustering algorithms with a cluster diameter of
50 nm (Figure 1A) as we described previously (Maschi and
Klyachko, 2017). The observed spatial distribution of vesicle
fusion events reflects a ~fourfold gradient of release site usage
within the individual AZs, in which release sites with higher
release probability are localized closer to the AZ center, while the
sites that are used less frequently are localized more peripherally
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FIGURE 1 | The spatial localization of vesicle docking and release is myosin V -dependent. (A) Sample map of release events within a single hippocampal bouton
evoked by 1 Hz stimulation, with 10 fusion events and 7 release sites. Hierarchical cluster analysis was used to define release event clusters [representing individual
release sites (crossed circles)] with a clustering diameter of 50 nm. Events clustered into the same release site are shown by the same color. Scale bar = 50 nm.

(B) Effects of myosin V inhibition with Myo-1 (red) or PBP (brown) on cumulative histograms of distances from vesicle release locations to the AZ center recorded at
1 Hz (left) or 10 Hz (right). (C) Effects of myosin V inhibition with Myo-1 (red) or PBP (brown) on the average distance to the AZ center for individual release sites for
measurements at 1Hz (left) or 10 Hz (right), binned on the basis of their release probability. Note that errors of measurements are too small to be visible in this plot
and the same data is presented as a bar-graph in Supplementary Figure 1. (D) Cartoon representation of the analysis of LaSEM measurements in individual
hippocampal boutons in cultures depolarized (or not) by KCI application (55 mM) for 10 min in the presence or absence of Myo-1 (20 min), immediately followed by
fixation. Vesicles were considered as ‘docked’” when the distance from the vesicle center to AZ was under 30 nm and ‘tethered’” when the distance was under

100 nm. (E,F) Effects of myosin V inhibition with Myo-1 on the localization of docked vesicles (E) or tethered vesicles (F), with or without KCI depolarization, plotted
as the mean distance to AZ center (nm). (G) Cartoon representation of vesicle re-docking measurements using single-vesicle tracking. Vesicle
disappearance/reappearance events are caused by vesicle moving out-of/back in-to the focal plane near the AZ, due to vesicle shuttling between the docking
locations at the AZ and the inner vesicle pool. The relative shift in vesicle position upon re-docking was determined as a difference (A) of vesicle initial docking
location before disappearance (p) and its subsequent position after re-appearance/re-docking, both measured relative to the synapse center. (H) Example of a single
vesicle track, measured relative to the synapse center, showing a disappearance/re-appearance event. Vesicle re-appeared (red) during a 200AP, 20 Hz stimulus
train farther (by A nm) from the initial disappearance location (p). (I) Quantification of the shift in vesicle re-appearance/re-docking location. The shift in vesicle
location was determined as a difference in the exponential fits to the aggregate distributions of vesicle locations (Supplementary Figure 1C) separated as toward
synapse center versus toward periphery relative to the vesicle initial location (defined as a point of O shift). Errors are residual sum of squares from the exponential
fits. Statistical significance was evaluated using KS-test of cumulative distributions toward the periphery for each condition. Two-sample t-test (C,E,F) or two-sample
KS-test of cumulative distributions (B,l). *p < 0.05, **p < 0.01, **p < 0.001, ns, not significant.
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(Figure 1C and Supplementary Figure 1A). Most importantly,
acute inhibition of myosin V resulted in a shift of release site
utilization from the AZ center toward periphery at 1Hz and
particularly at 10Hz stimulation (Figure 1C, Supplementary
Figures 1A,B, and Supplementary Table 1), suggesting a role for
myosin V in spatially controlling synaptic vesicle release. Given
the overall reduction in vesicle release observed upon myosin V
inhibition (Maschi et al., 2018), the increased distance to the AZ
center, on average, for the groups of release sites with equivalent
Pr in the presence of Myol or PBP is consistent with reduced
utilization of central release sites upon myosin V inhibition.

To better understand the role of myosin V in spatial
distribution of release, we analyzed the scanning electron
microscopy (LaSEM) images of primary cultures of hippocampal
neurons that were incubated (or not) with Myo-1 for 20 min and
then acutely depolarized (or not) with 55 mM KCI for 10 min
to induce vesicle release and recycling (Maschi et al., 2018). We
examined both “docked” vesicles (previously defined as vesicles
with the center within 30 nm from the AZ), and “tethered”
vesicles (all vesicles with a center within 100 nm from the AZ)
(Figure 1D). Within these definitions, we found that myosin V
inhibition selectively affected the spatial distribution of “docked”
vesicles, causing a significant increase in the distance of docked
vesicles from the AZ center upon KCl stimulation (Figure 1E and
Supplementary Table 1). This spatial shift in the localization of
vesicles undergoing recycling and re-docking is in line with the
spatial shift in the utilization of release sites caused by myosin V
inhibition (Figure 1C and Supplementary Table 1). In contrast,
no significant effect of Myosin V inhibition was observed in the
absence of stimulation (Figure 1E and Supplementary Table 1),
or within the “tethered” vesicle population in either condition
(Figure 1F and Supplementary Table 1), suggesting the specific
effects of myosin V inhibition on vesicle re-docking.

To further support these observations, we performed spatial
analyses of the tracks of individual synaptic vesicles during
recycling and docking in live hippocampal boutons, which we
previously recorded in the presence (or not) of myosin V
inhibitors (Maschi et al., 2018). Briefly, individual vesicles were
labeled with a lipophilic FM-like dye SGC5 via compensatory
endocytosis using a pair of stimuli at 100 ms. Single-vesicle
tracking approach permitted us to follow the dynamics of
individual vesicles with ~20 nm precision. We previously
observed that vesicles undergo rounds of docking/undocking
and accompanying transitions between the membrane pool
and the inner synaptic pool. These transitions are evident as
disappearance and reappearance events when vesicles are moving
out-of and in-to the field of view near the AZ (Figure 1G; Maschi
etal., 2018). We thus quantified how myosin V inhibition affects
the change in vesicle docking position by comparing its initial
position before undocking/disappearance (p, Figures 1G,H)
and its subsequent position upon reappearance/re-docking (i.e.,
relative shift in docking location: A, Figures 1G,H). We observed
that in control conditions, vesicles have a tendency to re-appear
slightly closer to the synapse center, resulting in a net negative
re-appearance shift in location relative to their original docking
location (A = —14 % 9 nm, see Methods for definition) (Figure 11
and Supplementary Table 1), which is in line with the notion that

more central release sites are preferentially utilized under basal
conditions. In contrast, acute inhibition of myosin V with Myo-
1 lead to a significant shift in relative vesicle re-docking position
toward the synapse periphery upon re-appearance, resulting in
a net positive re-appearance shift (A = 421 4+ 18 nm; P = 0.03,
two-tailed KS-test as compared to control condition) (Figure 11,
Supplementary Figure 1C, and Supplementary Table 1). PBP
treatment also showed a tendency of vesicle re-docking to occur
more peripherally, but this effect was not statistically significant
(Supplementary Figures 1C,D and Supplementary Table 1).
These differences could reflect the fact that the two agents have
different mechanisms of action (Bond et al., 2013) and thus
different effects on vesicle mobility: Myo-1 inhibits ADP release
from actomyosin complex thus arresting myosin V on actin,
while PBP reduces myosin-actin coupling by inhibiting ATP
binding and hydrolysis; thus the two agents differentially affect
the initial vesicle mobility state. Notably the vesicle tracking
measurements are also not equivalent or directly comparable
to the EM measurements or the vesicle release measurements
above, because in our measurements vesicle displacement can
only be defined relative to the 2D projection of the synapse
center (as approximated by the geometric center of the total
labeled recycling vesicle population, see section “Materials and
Methods”), but not the actual AZ center. Nevertheless, the spatial
shift in vesicle re-docking position toward synapse periphery
upon myosin V inhibition supports the other two experimental
observations that myosin V modulates the spatial location of
vesicle docking.

Spatial Organization of MVR Events Is
Myosin-V Dependent

Analyses presented above have thus far examined the effects of
myosin V inhibition on spatial properties of UVR. Additionally,
MVR is also a prominent form of synchronous release in
central synapses. We previously showed that the spatiotemporal
organization of MVR events is determined by the gradient
of release probability across the AZ (Maschi and Klyachko,
2020). Since myosin V supports refilling of individual release
sites, we hypothesized that it could also regulate the spatial
organization of MVR. To approach this question, we detected
and analyzed individual MVR events in the same dataset that we
used for analyses of UVR events above, as we described previously
(Maschi and Klyachko, 2020). Briefly, in our recordings the vast
majority of MVR events are evident as a pair of fusion events
evoked by a single AP. Depending on the distance between the
two vesicle fusion events comprising an MVR, such events fall
in two subcategories. First subcategory contains well-separated
MVR events that have sufficient spatial separation to allow
each event in the pair to be individually localized (Resolved
events, Figure 2A). The second subcategory contain strongly
overlapping, sub-diffraction distance MVR events that could
not be resolved directly (Unresolved events), which required
an alternative analysis approach comprising two separate steps.
First, MVR event detection was achieved based on their
amplitude (with a threshold set at two standard deviations above
the mean quantal event amplitude determined individually for
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each bouton). Second, the identified MVR events were analyzed
on the basis of asymmetry considerations, using an asymmetric
Gaussian model fit to determine the width (sigma) of the
Gaussian fit in the maximal (longitudinal, 81) direction and the
minimal (transverse, 32) direction (Figure 2F, insert). The ratio
31/32-1 (asymmetry score) represents asymmetry of the double-
event image, which correlates with the distance between the two
sub-diffraction events forming the image (DeCenzo et al., 2010).
We have previously shown that the two subcategories have the
same spatiotemporal features and represent the same biological
phenomenon of MVR (Maschi and Klyachko, 2020).

Inhibition of myosin V did not strongly affect the UVR/MVR
event ratio for either population of resolved or unresolved
MVR events (Myo-1: Figures 2B,C; PBP: Supplementary
Figures 2B,C, and Supplementary Table 1). However, several

spatial features of MVR were affected by myosin V inhibition.
First, the separation distance between the two releases comprising
an MVR event was significantly increased in the presence of
Myo-1 or PBP, for both resolved and unresolved MVR events
(Myo-1: Figures 2D-G; PBP: Supplementary Figures 2D-G and
Supplementary Table 1). Second, both resolved and unresolved
MVR events occurred further away from the AZ center
when myosin V was inhibited (Myo-1: Figures 2H-K; PBP:
Supplementary Figures 2H-K and Supplementary Table 1).
These results are consistent with the above notion that myosin
V inhibition causes a shift in utilization of release sites away
from the AZ center.

To confirm and further explore the role of myosin V in
the spatial aspects of release site utilization we analyzed the
reuse of the release sites engaged in MVR. We observed
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that central release sites engaged in MVR events show a
significant reduction of reuse upon myosin V inhibition, while
the more peripheral release sites were not strongly affected
(Figure 3A, Supplementary Figure 3A, and Supplementary
Table 1). This observation thus provides a mechanistic basis for
the increased distance from the MVR events to the AZ center
and the correspondingly increased spatial separation within
the MVR event pair that we observed above (Figure 2 and
Supplementary Table 1).

This observation also provides a testable prediction. We
previously found that release sites closer to the AZ center are
more likely to harbor UVR as well as MVR events during
observation period (representing spatial “overlap” of UVR and
MVR events). Thus reduced utilization of the central release sites
upon myosin V inhibition predicts that the spatial overlap of
UVR and MVR events at the same release sites is also reduced.
To test this prediction, we analyzed the probability that the same
release site is engaged in UVR and MVR during our observation
time. As predicted, the overlap of MVR and UVR events at the
same release sites was significantly reduced in the presence of
Myo-1 or PBP (Figures 3B,C, Supplementary Figures 3B,C, and
Supplementary Table 1).

Therefore, by reducing the preferential utilization of central
release sites during MVR, inhibition of Myosin V not only results
in increased distance from MVR events to the AZ center and
increased spatial separation within individual MVR events, but
it also reduces spatial overlap of MVR with the UVR events.

Inhibition of Myosin V Reduces Temporal
Separation Within MVR Events

The pairs of release events comprising MVR are often not
perfectly synchronized with each other, but exhibit a slight
temporal separation on the order of 1-5 milliseconds (Auger
etal., 1998; Auger and Marty, 2000; Crowley et al., 2007; Rudolph
et al., 2011; Malagon et al., 2016; Maschi and Klyachko, 2020).
We recently showed that this temporal separation arises because
the first event in the MVR pair occurs closer to the AZ center,
while the second event in the pair occurs more peripherally with
a slight delay (Maschi and Klyachko, 2020). The extent of this
temporal separation depends on the difference in radial distance
of the two events comprising MVR from the AZ center and
correlates with the distance between the two events (Figure 4B
and Supplementary Table 1). Because the spatial localization of
MVR events is altered by myosin V inhibition, we examined how
the temporal separation is affected. To estimate the temporal
separation within the MVR events we measured the amplitude
differences between the two events in the same frame, which
is an established approach to quantify the temporal separation
(Maschi and Klyachko, 2020; Figure 4A). Here we found that in
the presence of Myo-1 (Figures 4D,E) or PBP (Supplementary
Figures 4A,B), the amplitude differences within the individual
MVR events were no longer dependent on their relative distance
(as compared to control, Figures 4B,C, and quantified in
Figure 4F, Supplementary Figure 4C, and Supplementary
Table 1). We note that a component of the amplitude differences
likely arises from an uncertainty in determining the fusion event

amplitude; which we previously estimated to be ~10%. Thus,
the amplitude differences remaining in our measurements in the
presence of Myo-1 or PBP could be, to a large extent, accounted
for by the intrinsic uncertainty in our measurements. These
results suggest that inhibition of myosin V reduces the temporal
separation within the MVR events. Thus myosin V regulates both
spatial and temporal organization of MVR events as well as UVR.

DISCUSSION

Docking of synaptic vesicles at the release sites within the
AZ is an essential mechanism controlling strength and timing
of synaptic transmission. We previously showed that vesicle-
associated molecular motor myosin V is a key regulator of
release site refilling during synaptic activity by controlling vesicle
anchoring and retention at the release sites. Here we extend
these studies to demonstrate that myosin V also regulates the
spatial organization of vesicle docking across the AZ during
two main forms of synchronous release, the UVR and MVR.
This is supported by three key observations: (i) Acute inhibition
of myosin V shifts location of vesicle docking away from the
AZ center toward periphery. Consequently the utilization of
release sites during UVR also shifts away from the AZ center
when myosin V is inhibited. (ii) Inhibition of myosin V reduces
utilization of central release sites by MVR events. Consequently
MVR events occur further away from the AZ center and have a
larger separation distance within the event pair; (iii) Inhibition
of myosin V reduces the temporal separation within the MVR
events. Thus by regulating spatio-temporal organization of UVR
and MVR events across the AZ, myosin V actions represent a
mechanism that fine-tunes neurotransmitter release.

Myosin V Role in the Spatiotemporal
Regulation of UVR and MVR

The spatial and temporal utilization of release sites during both
UVR and MVR follows complex patterns that are determined
by the gradient of release probability (Pr) across the AZ. Yet
such apparent complexity often arises from simpler underlying
principles thus posing a central question: given the function of
Myosin V in vesicle anchoring/docking at release sites, could the
observed effects of myosin V inhibition on release site utilization
be explained simply by changes in the gradient of release
site Pr? To approach this question, we created a basic model
representation of an AZ with 12 discrete release sites arranged
to form a center-to-periphery gradient of release probability
(Pr) (Schematic 1A). Because the number of release sites per
AZ vary widely across synapse population [in the range of 2-
18 (Tang et al., 2016; Maschi and Klyachko, 2017; Sakamoto
et al.,, 2018)], the model was formulated not to depend on the
precise number of release sites, but rather on the gradient of
release site Pr (central/peripheral) across the AZ (see Materials
and Methods for model formulation). First, the model shows
that reducing the center-to-periphery gradient of Pr across the
AZ results in increased distance of UVR events to the AZ center
(Schematic 1B), which is what we observed experimentally as a
result of myosin V inhibition. Likewise, for the MVR events, the
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model shows that reducing the Pr gradient also leads to increased
spatial separation of the two fusion events comprising an MVR
(Schematic 1C), which we also observed following myosin V
inhibition. Thus, the simplest working model that accounts for
the observed spatial effects of myosin V inhibition is that by
shifting utilization of release sites from more central to more
peripheral, myosin V inhibition acts by reducing the Pr gradient
effectively spreading the release to a larger area of the AZ.

The conceptual relationship between the steepness of the Pr
gradient and spatial localization of release events also holds under
conditions when Pr gradient becomes steeper than normal. For
example, we previously observed that buffering intraterminal
calcium with EGTA increased utilization of central release sites
(thus making the center-to-periphery Pr gradient steeper). EGTA
also caused a shift in spatial localization of UVR events toward
the AZ center and reduced spatial separation within the MVR
events (Maschi and Klyachko, 2017, 2020), both of which are
recapitulated by the model (Schematic 1B,C).

Moreover, this framework also recapitulates the more complex
relationship between the Pr gradient and the temporal features of

MVR. Interestingly, both inhibition of myosin V and buffering
intraterminal calcium with EGTA have the same effect of
decreasing the temporal separation within MVR events, while
having opposing effects on the Pr gradient. While appear
paradoxical on the first glance, these results are also conceptually
explained by our model. Specifically, our previous observations
suggested that temporal separation within MVR events results
from the first event occurring closer to the AZ center, while the
second event in the pair occurring with a short 1-5 ms delay at
a more peripheral site. This temporal separation thus depends
on the difference in radial distance to AZ center of two fusion
events comprising an MVR. Our model shows that this parameter
has a bell-shape curve (Schematic 1D), reaching a maximum
at ~threefold to fourfold gradient of Pr, which is similar to
experimentally observed value in control conditions. Therefore,
either inhibition of myosin V or calcium buffering with EGTA,
while having opposite effects on the steepness of the Pr gradient,
both drive it away from the optimal value, resulting in reduced
temporal separation. This temporal control, in combination with
regulating spatial separation within the MVR events, may allow
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myosin V to fine-tune the quantal size by adjusting the duration
of neurotransmitter release during MVR while engaging spatially
distinct subsets of postsynaptic receptors.

Myosin V and the Gradient of Release
Site Properties

Our results do not necessarily imply that myosin V selectively
serves as a docking factor only for the central release sites; the
effect of myosin V inhibition could simply be more apparent

for the central release sites because they are used much more
frequently under normal conditions, while the limited duration
of observation masks the effect on peripheral release sites which
are used much less frequently. Thus we speculate that additional
or alternative mechanisms may exist that makes usage of central
release sites more frequent. One possible mechanism suggested
by our previous study is the presence of center-to-periphery
gradient of calcium elevation following an action potential
(Maschi and Klyachko, 2020). Such calcium gradient could in
turn control myosin V-dependent vesicle retention at release
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distances to AZ center. This parameter has a bell-shape dependence on the central/peripheral Pr ratio. Either increase or decrease of the Pr ratio from the optimal
value around 3-4 leads to smaller differences in the distances to the AZ center for the two events comprising an MVR. This predicts a reduced temporal separation
of the two events comprising an MVR with either increase or decrease in the Pr gradient, as observed experimentally with EGTA or inhibition of myosin V, respectively.
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sites thus creating a center-to-periphery gradient of release site
Pr. Indeed, Myosin V function is calcium-dependent; calcium
elevation drives transition of myosin V from a transporting
motor to a tether and also regulates myosin V association with the
SNARE proteins (Prekeris and Terrian, 1997; Ohyama et al., 2001;
Rose et al., 2003; Krementsov et al., 2004; Watanabe et al., 2005;
Eichler et al., 2006). Thus the differences in spatial utilization of
release sites could be driven by the gradient of calcium elevation
in the synaptic bouton following an AP, which determines the
strength or duration of myosin V association with a release site.
While the mechanistic basis for the gradient of calcium rise across
the AZ will require further investigation, a number of possible
mechanisms have been suggested in previous studies. A higher
calcium elevation in the AZ center can simply result from larger
density of release sites (assuming each is associated with a calcium
channel) at the AZ center vs. periphery. Differential calcium
channel mobility in the center vs. periphery of the AZ (Schneider
et al., 2015) could also contribute to different stability of channel
association with the release sites or its coupling with the vesicle
(Eggermann et al., 2011; Miki et al., 2017). Alternatively, or
additionally, a gradient of release site properties could arise
from other, calcium/myosin V- independent mechanisms. For
instance clusters of presynaptic proteins that are believed to
represent the structural correlates of release sites exhibit a large
degree of heterogeneity in size and composition across the AZ
(Schneider et al., 2015; Tang et al., 2016; Glebov et al., 2017)
presumably due to differential enrichment and mobility of many
critical components, such as Bassoon, RIM, Muncl3, Muncl8,
and Syntaxin-1 (Smyth et al., 2013; Schneider et al., 2015; Tang
et al., 2016; Bademosi et al., 2017; Glebov et al., 2017). Clusters of
several of these critical proteins are detected predominately near
the AZ center (Tang et al., 2016), suggesting that more peripheral
clusters are smaller and below the detection limit.

In summary, by modulating the landscape of release
probability across the AZ, myosin V fine-tunes the spatio-
temporal dynamics of neurotransmitter release during both UVR
and MVR events to dynamically shape synaptic transmission.

MATERIALS AND METHODS

Neuronal Cell Cultures

Neuronal cultures were produced from the hippocampus of E16-
17 rat pups of mixed gender as previously described (Peng et al.,
2012; Maschi et al., 2018). Hippocampi were dissected from E16-
17 pups, dissociated by papain digestion, and plated on coated
glass coverslips containing an astrocyte monolayer. Neurons
were cultured in Neurobasal media supplemented with B27. All
animal procedures conformed to the guidelines approved by the
Woashington University Animal Studies Committee.

Lentiviral Infection

VGlutl-pHluorin was generously provided by Drs. Robert
Edward and Susan Voglmaier (UCSF) (Voglmaier et al., 2006).
Lentiviral vectors were generated by the Viral Vectors Core at
Woashington University. Hippocampal neuronal cultures were
infected at DIV3.

Fluorescence Microscopy

Neurotransmitter Release Measurements

All experiments were conducted at 37°C within a whole-
microscope incubator (In vivo Scientific) at DIV16-19 as
described previously (Maschi et al., 2018). Neurons were perfused
with bath solution (125 mM NaCl, 2.5 mM KCI, 2 mM CaCl2,
1 mM MgCl2, 10 mM HEPES, 15 mM Glucose, 50 mM DL-
AP5, 10 mM CNQX, pH adjusted to pH 7.4). Fluorescence was
excited with a Lambda XL lamp (Sutter Instrument) through
a 100x 1.45 NA oil-immersion objective and captured with
an EMCCD camera (Hamamatsu) or cooled sCMOS camera
(Hamamatsu). Focal plane was continuously monitored, and
focal drift was automatically adjusted with 10 nm accuracy by
an automated feedback focus control system (Ludl Electronics).
Field stimulation was performed by using a pair of platinum
electrodes and controlled by the software via Master-9 stimulus
generator (A.M.P.I.). Images were acquired using two frames
with an acquisition time of 40ms, one 45ms before stimulation
and one coincidently (Oms delay) with stimulation.

Single-Vesicle Tracking

Sparse vesicle labeling and functional synapse localization
were performed following our previously developed procedures
(Maschi et al., 2018). The same bath solution as above was used
for the dye loading and imaging, except 0.2 mM CaCl,, 1.0 mM
MgCl, were used to wash excess dye from the sample. 10 uM
SGC5 (Biotium) were added to the bath solution for the dye
loading step. Samples were imaged for 50-70 s, at an exposure
rate of 80 ms (with a total frame rate of 10Hz). Samples were
stimulated for 10 s at 20 Hz with a 10 s delay after the first frame.

Pharmacology

MyoVin-1 (Millipore), Pentabromopseudalin (PBP, Fisher
Scientific) or EGTA-AM (Millipore) were diluted in DMSO
(Sigma-Aldrich) and stored at —20°C. Samples were incubated
in imaging solution with 30 pM Myo-1 for 5-10 min or 5 uM
PBP for 5 min, or 250 pM EGTA-AM for 20 min before dye
loading. The effective final DMSO concentration was < 0.5%.
Extended exposure to MyoVin-1 or PBP caused cell death, thus
the bath solution during the experiment did not include Myo-1
or PBP. Our control measurements indicated that continuous
presence of these blockers during the experiments did not
have additional effects on vesicle motility beyond the effects of
pre-incubation (data not shown).

Large-Area Scanning Electron
Microscopy (LaSEM)

Cultures were fixed in a solution containing 2.5% glutaraldehyde
and 2% paraformaldehyde in 0.15 M cacodylate buffer with
2 mM CaCl2, pH 7.4 that had been warmed to 37°C for 1 h.
In experiments with KCl-induced depolarization, fixation was
performed immediately following KCl application, and care was
taken to complete the fixation procedure within a few seconds.
Coverslips were rinsed in cacodylate buffer 3 times for 10 min
each, and subjected to a secondary fixation for 1 h in 2% osmium
tetroxide/1.5% potassium ferrocyanide in cacodylate buffer for
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1 h, rinsed in ultrapure water 3 times for 10 min each, and
stained in an aqueous solution of 1% thiocarbohydrazide for 1
h. After this, the coverslips were once again stained in aqueous
2% osmium tetroxide for 1 h, rinsed in ultrapure water 3 times
for 10 min each, and stained overnight in 1% uranyl acetate at
4°C. The samples were then again washed in ultrapure water 3
times for 10 min each and en bloc stained for 30 min with 20 mM
lead aspartate at 60°C. After staining was complete, coverslips
were briefly washed in ultrapure water, dehydrated in a graded
acetone series (50, 70, 90, and 100% x2) for 10 min in each step,
and infiltrated with microwave assistance (Pelco BioWave Pro,
Redding, CA, United States) into Durcupan resin. Samples were
flat embedded in a polypropylene petri dish and cured in an oven
at 60°C for 48 h. Post resin curing, the coverslips were exposed
with a razor blade and etched off with concentrated hydrofluoric
acid. Small pieces of the resin containing the cells was then cut out
by saw and mounted onto blank resin stubs before 70 nm thick
sections were cut in the cell culture growing plane and placed
onto a silicon wafer chips. These chips were then adhered to SEM
pins with carbon adhesive tabs and large areas (~ 330 x 330 pm)
were then imaged at high resolution in a FE-SEM (Zeiss Merlin,
Oberkochen, Germany) using the ATLAS (Fibics, ON, Canada)
scan engine to tile large regions of interest. High-resolution tiles
were captured at 16,384 x 16,384 pixels at 5 nm/pixel with a 5 s
dwell time and line average of 2. The SEM was operated at 8 KeV
and 900 pA using the solid-state backscatter detector. Tiles were
aligned and export using ATLAS 5.

Image and Data Analysis

Localization of UVR events

The fusion event localization at subpixel resolution was
performed using MATLAB code based on the uTrack software
package (Jagaman et al, 2008; Aguet et al, 2013). Release
sites were defined using hierarchical clustering performed in
MATLAB as we described previously (Maschi and Klyachko,
2017, 2020; Maschi et al., 2018). We previously found that the
observed clusters do not arise from random distribution of
release events, but rather represent a set of defined and repeatedly
reused release sites within the AZs (Maschi and Klyachko, 2017).

Localization of MVR Events

Localization of resolved MVR events was performed using a
mixture-model multi-Gaussian fit using in-built functions in
uTrack (Jagaman et al., 2008; Aguet et al., 2013) as we described
previously (Maschi and Klyachko, 2020).

Unresolved MVR events were identified based on the event
amplitude. The single event amplitude and its variability were
determined for each bouton individually. Photobleaching was
accounted for by fitting the event intensity changes over time.
The threshold for MVR event detection was set at two standard
deviations above the mean single event amplitude determined
individually for each bouton. Localization of unresolved MVR
events was determined using an asymmetrical Gaussian model
fit based on the minimization of the residuals as described in
(Maschi and Klyachko, 2020).

Release site reuse and release probability

Release probability of individual release sites was calculated based
on the number of release events detected per release site and
divided by the duration of the observation period. For MVR
events, reuse was defined more broadly as the probability that the
release site engaged in MVR is reused at least once during the 120
s observation period by either other MVR or UVR events.

Event proximity analysis

To determine probability of spatial overlap of MVR and UVR
events at the same release sites during the observation period, a
proximity analysis was performed in which overlap was defined
as having at least one UVR event occurring within 25 nm of an
MVR event during observation period.

EM analyses

Synapse identification and vesicle localization analysis were
performed as described in Maschi et al. (2018). Distances to
the AZ center were measured from the projection of the vesicle
position on the AZ plane. “Docked” vesicles were defined as those
with the distance from the membrane to the vesicle center less
than 30 nm and “tethered” vesicle as those with the distance
less than 100 nm.

Single-vesicle tracking

Individual vesicle track positions (x,y) were obtained using
the MATLAB code based on uTrack software (Jagaman et al.,
2008) following our previously developed procedures (Forte
et al,, 2017; Gramlich and Klyachko, 2017; Maschi et al., 2018).
Quantification of vesicle motion was performed using the three-
frame moving average of vesicle position to mitigate the effects of
noise. Vesicle tracks were converted from two-dimensional (x,y)
spatial locations in the imaging plane to a one-dimensional radial
distance (s) from the synapse center (X;, ys), s = sqrt [(x — x,)?
+ (y-vs)]?. Synapse center was defined as a center of mass of
the synapse image obtained following labeling the entire vesicle
population with a strong stimulus of 400 APs at 20 Hz. When
more than one disappearing and/or re-appearing tracks were
observed sequentially in a given synapse, all tracks associated
with the same bouton were grouped together to determine the
criterion for analysis described below.

To ensure that only re-docking vesicles were included in
the analysis, vesicles were accepted for the analysis based on
the following conditions: [i] a vesicle must be localized within
600 nm of a synapse center within the first 20 frames and
must be observed for at least 50 frames before disappearing;
this condition excluded a small subset of vesicles that can “re-
appear” in the neighboring synapses via intersynaptic vesicle
exchange (Gramlich and Klyachko, 2017) [ii] Appearance events
were only considered in the same subset of synapses in which
vesicle disappearance was observed first, and re-appearing vesicle
must be observed for at least 20 frames afterward to be
included; the definitions of disappearance and reappearance
events were the same as we described previously (Maschi et al.,
2018); [iii] if multiple sequential re-appearance events occur
for the same vesicle, each event is counted as a new re-
appearance with the same requirements. Synapses where more
than one vesicle was observed simultaneously were excluded
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from analysis. These restrictions combined with the low labeling
probability of one vesicle per synapse in the vast majority of
synapses under our stimulation conditions (Peng et al., 2012;
Gramlich and Klyachko, 2017) ensured consideration of re-
docking vesicles only.

Relative shift in vesicle location upon disappearance and
re-docking was quantified as the difference in radial distances
of vesicle re-appearance and disappearance positions. Average
vesicle position before disappearance was quantified for the
first five seconds of the track (p). Average position for the re-
appeared vesicle was quantified for the entire time the track
re-appeared (t>2 sec). All vesicle shifts for each condition (Ctrl,
Myo-1, PBP) were pooled and binned into 25 nm bin-size
distributions centered around 0 nm. Each side of the distribution
(representing a shift toward or away from the synapse center) was
fit separately to an exponential decay and the overall shift was
determined as the difference in the fit time courses. To evaluate
the statistical significance of the small shift in vesicle position
after re-appearance under different conditions, we used KS-
tests of cumulative distributions toward the periphery for each
condition. Cumulative distributions were obtained for vesicles
shifts starting from no-shift and toward the periphery, because
cumulative distributions more accurately measure small changes
in distributions.

Vesicle disappearance and appearance oversampling
correction

Vesicle disappearance and appearance distributions were
sampled at a rate of 10 frames per second. However, the typical
disappearance rate was on the order of 1 vesicle per second (1
vesicle per 10 frames) resulting in significant oversampling. Thus,
we averaged the oversampled distributions with a five-frame
moving average and plotted every fifth data point. Further, we
performed statistical analysis on the averaged data to prevent
over-sampling bias of the statistics.

Computational Model for the Spatial
Distribution of Vesicle Release

A basic model of vesicle release across the AZ was built assuming
a fixed distribution of release sites through the AZ. 12 discrete
release sites were distributed across the AZ in two groups
(central and peripheral) with four central release sites positioned
symmetrically at a distance D to the AZ center and eight
peripheral cites at twice the distance (2xD) (Schematic 1A). The
model was formulated in terms of the gradient of release site Pr
(central/peripheral) across the AZ. Pr of individual release sites
was assigned to form a center-to-periphery gradient with a shared
probability assigned to the four central release sites and a different
but also shared probability assigned for the 8 peripheral release
sites. The model could thus be represented by two concentric
donuts with two different Pr values. Monte Carlo simulations
were used to model the probability that a release event occurred
in a given release site based on the release probability of the
individual release sites. We assumed no interaction of any kind
between consecutive fusion events in the same or different release
sites and therefore the probability was calculated independently
for each fusion event. Ten different central/peripheral Pr ratios

(i.e., Pr gradients) were used (from 1 to 10); for each Pr ratio we
ran 1 million simulations, with a combined total of 10 million
points for each plot shown. The results were normalized to the
values obtained at the Pr ratio = 1 (homogeneous distribution of
Pr across the AZ).

The MatLab code of the model is freely available
through GitHub.

Data Inclusion and Exclusion Criteria
A minimum of 5 detected release events per bouton was required
for all analyses.

Statistical Analyses

Statistical analyses were performed in Matlab. Statistical
significance was determined using two tailed Students t-test,
Kolmogorov-Smirnov (K-S) test, or a Barnards test where
appropriate. The Myol and PBP conditions were independent
experiments; all comparisons were performed between 2
datasets, CT and Myol, and supported by additional comparison
of CT and PBP. With this experimental design, adjustment
for multiple comparisons was not performed because we did
not believe false positives/type-1 errors would be a significant
contribution to overall error. Indeed, testing for overall effects
with adjustment for multiple comparisons was consistent with
all major conclusions obtained.

Data is reported as mean £ SEM; or £ 95% confidence
interval; or % residual sum of squares from fits to distributions, as
indicated in the text, figure legends and Supplementary Table 1.
p < 0.05 was considered statistically significant. The number of
experiments reported reflects the number of different cell cultures
tested and is provided in Supplementary Table 1. Statistical tests
used to measure significance are indicated in each figure legend
along with the corresponding significance level (p value). Analysis
of the samples was not blinded to condition. Randomization and
sample size determination strategies are not applicable to this
study and were not performed.
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Supplementary Figure 1 | Spatial effects of myosin V inhibition on release site
utilization and vesicle re-docking. (A,B) Effects of myosin V inhibition with Myo-1
(left) or PBP (right) on the average distance to the AZ center for individual release
sites in measurements at 1Hz (top) or 10 Hz (bottom), binned on the basis of their
release probability. (C) Histograms of the shift in the distance to synapse center for
vesicles undergoing a disappearance and a reappearance event in Control, Myo-1
and PBP. Locations of vesicle re-appearance were separated as toward synapse
center versus toward periphery relative to the vesicle initial location (defined as a
point of O shift) and each side of the histograms were fitted to a single exponential,
the difference of which was used to determine the relative shift. (D) Quantification
of the effect of PBP on the shift in vesicle re-appearance/re-docking location.
Same analysis as in Figure 11. Two-sample t-test (A,B), two-sample KS-test of
cumulative distributions (C,D). *p < 0.05, **p < 0.01, ns, not significant.

Supplementary Figure 2 | Effects of myosin V inhibition with PBP on the spatial
organization of MVR events. (A) Examples of resolved MVR events in cultures
treated with PBP. Scale bar = 1 um. (B,C) Inhibition of myosin V with PBP does
not affect the ratio between MVR and UVR events for resolved (B) and unresolved
MVR (C) events. For unresolved MVR events, ratio of UVR, and MVR was
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Invaginating structures are common in the synapses of most animals. However,
the details of these invaginating structures remain understudied in part because
they are not well resolved in light microscopy and were often misidentified in early
electron microscope (EM) studies. Utilizing experimental techniques along with the
latest advances in microscopy, such as focused ion beam-scanning EM (FIB-SEM),
evidence is gradually building to suggest that the synaptic invaginating structures
contribute to synapse development, maintenance, and plasticity. These invaginating
structures are most elaborate in synapses mediating rapid integration of signals, such
as muscle contraction, mechanoreception, and vision. Here we argue that the synaptic
invaginations should be considered in future studies seeking to understand their role
in sensory integration and coordination, learning, and memory. We review the various
types of invaginating structures in the synapses and discuss their potential functions. We
also present several new examples of invaginating structures from a variety of animals
including Drosophila and mice, mainly using FIB-SEM, with which we trace the form and
arrangement of these structures.

Keywords: spine, spinule, retina, Drosophila, planaria, invagination

INTRODUCTION

Invaginating structures are small outward projections found in a diverse array of cell types (Bastiani
and Goodman, 1984; Petralia et al.,, 2015; Wood et al., 2021), including synapses of neurons
of almost all animals (reviewed in Petralia et al., 2015, 2016, 2017, 2018). The invaginating
structures involve cell membranes of two different cells, with the outward projection - the
invaginating structure — from one cell being surrounded by the invaginated membrane of the
other cell. Therefore, in cross-sectional views of transmission electron microscopy (TEM), the
invaginating structures can appear as double membrane-covered vesicles. In neuronal synapses,
the invaginating structures can be divided into two main groups depending on the presence or
absence of active zones.

Invaginating structures can be important in synapse physiology, yet they often have been
overlooked in studies of synaptic function. This is especially true for the smaller spinule types of
invaginating structures because they are difficult to identify without TEM, and even with standard
2D TEM, the origins of the invaginating structures are often obscure. Today, super-resolution
and other specialized light microscopy techniques allow better visualization of these invaginating
structures in synapses (Ueda and Hayashi, 2013; Zaccard et al., 2020). Moreover, the new wave of

Frontiers in Synaptic Neuroscience | www.frontiersin.org 35

May 2021 | Volume 13 | Article 685052


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/journals/synaptic-neuroscience#editorial-board
https://www.frontiersin.org/journals/synaptic-neuroscience#editorial-board
https://doi.org/10.3389/fnsyn.2021.685052
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnsyn.2021.685052
http://crossmark.crossref.org/dialog/?doi=10.3389/fnsyn.2021.685052&domain=pdf&date_stamp=2021-05-24
https://www.frontiersin.org/articles/10.3389/fnsyn.2021.685052/full
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Petralia et al.

Invaginating Structures in Synapses

3D EM methods such as focused ion beam-scanning electron
microscopy (FIB-SEM) makes tracing of these invaginating
structures possible. These approaches are inspiring scientists to
examine the role of invaginating structures in synapses and
neurons. In this perspective, we describe some of the more
interesting examples of invaginating structures including several
new examples from across the animal kingdom. We also discuss
the latest ideas about how they may be central to the regulation of
synaptic and neuronal function.

RESULTS AND DISCUSSION

Invaginating Structures Associated With
Mechanoreception and Photoreception
(Figure 1A)

Some of the most elaborate arrangements of invaginating
structures are found in synapses of the circuits involved
in processing mechanoreception or photoreception and are
adaptations to allow animals to respond very rapidly to changing
environmental mechanical and visual stimuli (Petralia et al,
2017). They include various combinations of invaginating
presynaptic terminals and postsynaptic spines (Figure 1A). The
most amazing example is seen in cubozoan jellyfish, which have
eyes as elaborate as those of higher animals even though they lack
brains! These jellyfish exhibit complex behaviors involving vision,
such as avoiding obstacles, prey capturing, and complex mating
behaviors (e.g., Nilsson et al., 2005). They possess photoreceptor
cells with prominent invaginating spines from postsynaptic cells
or other photoreceptor cells (Gray et al., 2009). This suggests
that the invaginating synapse was one of the earliest functional
developments in animal nervous systems, even forming prior to
the evolution of any form of “brain.” Invaginating postsynaptic
spines can be found in some invertebrate sensory cell synapses
such as in the octopus statocyst involved in balance and
hearing, and mechanoreceptor cells involved in the defensive gill-
withdrawal reflex of the sea hare, Aplysia (Bailey and Thompson,
1979; Bailey et al., 1979). Interestingly, the invaginating spines
of Aplysia have twice as many presynaptic vesicles as non-
invaginating ones; the authors attribute this to the high degree
of synaptic plasticity related to the reflex (Bailey and Thompson,
1979; Bailey et al., 1979). Hair cell synapses of the tunicate, Ciona
intestinalis, can have invaginating structures at their base and
these can be postsynaptic, presynaptic, or both (reciprocal - with
presynaptic vesicles on both sides of the synapse; Rigon et al.,
2018). In the octopus (Figure 1A), the photoreceptor terminals
form large bag- or carrot-shaped structures that are filled with
presynaptic vesicles and contain (1) invaginating postsynaptic
spines, (2) presynaptic vesicle-filled “finger twigs” from adjacent
carrots, and (3) “tunnel fibers” from small neurons (Dilly et al.,
1963; Case et al.,, 1972). Structures like “finger twigs” also are
found in squid photoreceptor terminal “carrots.” Neither the
finger twigs nor tunnel fibers show any distinctive signs of
chemical synapses (no definitive active zones with densities),
except for the synaptic vesicles in the finger twigs. Due to their
deep invagination of the photoreceptor terminal, these structures

are instead ideally arranged to mediate electrical field/ephaptic
conduction (Cohen, 1973; Haghighat et al., 1984; Petralia et al.,
2017).

Simple Brains (Figures 1B,C)

Flatworms are the simplest animals with bilateral symmetry,
a head, and a brain. Even at this earliest stage in brain
evolution, a variety of invaginating structures are evident
including at postsynaptic dendrites or other cellular processes
with or without synaptic active zones, and various presynaptic
terminals invaginating and interdigitating with other terminals
(Figure 1B; Petralia et al., 2015). Nematodes have a simple
nervous system with a minimal “brain” structure composed of
a circumpharyngeal nerve ring and associated neuron clusters
including the ventral ganglion (White et al, 1986). Recent
studies show that nematodes have a variety of types of spine
synapses similar to those found in vertebrates (Cuentas-Condori
et al., 2019). White et al. (1986) showed several examples of
presynaptic terminals invaginating into postsynaptic processes,
and postsynaptic processes (spines) invaginating into presynaptic
terminals, as well as a motoneuron terminal invaginating into
an interneuronal cell body. In Figure 1C, a presynaptic terminal
invaginates a structure into the base of a neurite extending from
a neuronal soma in the ventral ganglion. A possible junction may
occur on the invaginating structure where the membranes appear
denser and there are unidentified subsynaptic structures in the
postsynaptic cell.

Vertebrate Brains (Figures 1D-H)

Invaginating structures are rather common in synapses of
the vertebrate brain. For example, in a recent study of the
human temporal cortex, Rollenhagen et al. (2020) found
examples of postsynaptic spines invaginating into presynaptic
terminals. They also found examples of presynaptic terminals
with active zones and large non-synaptic structures from
presynaptic terminals, both of which invaginate into dendrites.
We have examined a FIB-SEM dataset from mouse nucleus
accumbens showing various examples, including (1) postsynaptic
spinules invaginating into presynaptic terminals, (2) invaginating
structures from presynaptic terminals forming cup-shaped
synapses with a more deeply invaginating portion, and (3) short
presynaptic spinules invaginating into dendrites (Figures 1D-
H). These will be discussed below in relation to the published
literature.

Spinules from the postsynaptic spine invaginating into the
presynaptic terminal (Figures 1E-G) have been described
in many areas of the mammalian brain especially in the
hippocampus (Westrum and Blackstad, 1962; Spacek and Harris,
2004; Yao et al., 2005; Tao-Cheng et al., 2009). An interesting
example was documented in mouse barrel cortex, where
some postsynaptic spines invaginate fully into the presynaptic
terminals and then appear to extend a thick process, filled
with various vesiculate structures and filaments, deeper within
the terminal (Rodriguez-Moreno et al, 2018, 2020). Spinule
formation is enhanced in hippocampal slice cultures following
stimulation to induce long-term potentiation (LTP; Tao-Cheng
et al., 2009) suggesting that spinules recycle extra postsynaptic
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FIGURE 1 | Invaginating structures are common in animal synapses. (A) Drawings recapitulating the octopus’s large en passant photoreceptor terminals, called
“bags” (b) or “carrots.” The bags are filled with synaptic vesicles (shown in lower drawing) and contain three types of invaginating structures from three different
sources, including: (1) postsynaptic spines (blue) with a dense layer of synaptic vesicles surrounding the deeply invaginating spine heads; (2) presynaptic terminals,
also called “finger twigs” (f), which are filled with synaptic vesicles (lower drawing), invaginating from adjacent bags; and (3) “tunnel fibers” (f), which are one or more
nerve trunks passing in a “tunnel” through the bag at ~right angles to the invaginating spines and originating from small neurons called “microneurons.” Mitochondria
are green. Drawings are from Petralia et al. (2017) with slight modifications. (B) Electron microscopy (EM) images of the planaria brain synapses. The invaginating
structures include an invaginating postsynaptic dendrite (blue, left image), an invaginating filopodium (f, middle image), and interdigitating axon terminals (yellow and
uncolored, right image). In the EM image on the left in the 2nd row, an unidentified projection invaginates into an axonal terminal (yellow) with large dense-cored
vesicles. (C) EM images show an invaginating structure from the ventral ganglion of the nematode, Pristionchus pacificus (Bumbarger et al., 2013; serial
cross-section online data set in Neurodata OCP). An invaginating structure (asterisk) originates from an axon terminal (yellow), which is one of two vesicle-filled
terminals that form typical nematode dyadic synapses with a presynaptic density (arrows) centered between two postsynaptic processes (lacking PSD; White et al.,
1986; Hall and Russell, 1991). The invaginating process enters into the base of a neurite extending from a neuron soma of the ventral ganglion (cell matches
descriptions of neurons by position and structure; Ware et al., 1975; White et al., 1986). A possible junction may occur on the dorsal aspect of the invaginating
process where the membranes appear denser and there are unidentified subsynaptic structures (arrowheads) in the postsynaptic cell. The left two images are
transverse sections (z positions 2017 and 2019 in the image stack), and the right image is a digitally reconstructed parasagittal section. (D-H) Invaginating structures
in the mouse nucleus accumbens. (D) An invaginating presynaptic terminal (yellow). The z positions in the FIB-SEM image stack are 144, 202, and 237 for the three
(Continued)
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FIGURE 1 | Continued

images. The main part of the terminal partly invaginates into the cup-shaped postsynaptic process, and it then invaginates a portion of the terminal deep within the
postsynaptic process (asterisk). (E) A 3D reconstruction of a similar invaginating presynaptic (yellow) terminal (asterisk) from the same data set in panel (D), turned
about 90 degrees relative to the structure in panel (D). The postsynaptic membrane also invaginates a short spinule (arrow) into the presynaptic terminal (yellow),
similar to the one shown in panel (F). The 3D reconstruction is reprinted, after slight modification, from Delgado et al. (2019). (F,G) Examples of postsynaptic (blue)
membrane invaginating short spinules (arrows) into presynaptic terminals. The EM image in panel (F) also includes a myelinated axon in which the glial cytoplasm
(oligodendrocyte) partly invaginates into the axon. (H) Two presynaptic terminals invaginate short spinules (arrows) into dendrites (adjacent EM image in z position to
this EM image is published in Delgado et al., 2019). (I) ImmunoEM of rat brain synapse. Immunogold localization (arrows) of GABA-A receptors in invaginating
structures in the rod spherule of the rod photoreceptor synaptic terminal complex (r) in the rat retina. As is typical in vertebrate retinas, a complex of processes (b, h)
from bipolar and horizontal cells invaginate into the terminal adjacent to the active zone identified by the presynaptic ribbon (asterisk). The immunogold labeling for
GABA-A (arrow) is concentrated between a horizontal cell process and a small projection extending from the presynaptic rod cytoplasm and directly subjacent to the
active zone. (J) Drawing shows that in the human retina, rod photoreceptor synaptic terminals have a ribbon (asterisk) synapse with an invaginating structure from
one bipolar and two horizontal cells (b, h) plus a small projection of cytoplasm from the rod terminal. Horizontal cell processes can form synapses (red arrows) with
the rod terminal and its projection and with the bipolar cell process; they contain large vesicles and presynaptic densities (Linberg and Fisher, 1988). Panels (l,J) are

reprinted from Petralia et al. (2017) with slight modifications. Scale bars (B,1) = 500 nm, (C,E,F) (apply D,G,H) = 1 pm.

membrane formed during enhanced synaptic activity. Indeed,
some spinules are associated with the formation of the large,
mushroom-shaped spines during synaptic plasticity such as
that following LTP (Petralia et al, 2014, 2015, 2018). These
mushroom-shaped spines enlarge since more membrane is added
as additional glutamate receptor molecules are incorporated
into the postsynaptic membrane; this increase in receptors
likely enhances synaptic transmission. Apparently, this added
membrane causes the PSD to become perforated in correlation
with the increased density of glutamate receptors (Ganeshina
et al., 2004a,b). At this point, a spinule may form at the
perforation, invaginate into the presynaptic terminal (Figure 1F),
and transfer excess postsynaptic membrane into the presynaptic
terminal (Spacek and Harris, 2004; Tao-Cheng et al., 2009;
Petralia et al., 2014, 2015, 2018). Coated pits often are seen at
the ends of spinules (Westrum and Blackstad, 1962; Spacek and
Harris, 2004; Yao et al., 2005; Tao-Cheng et al., 2009), mediating
removal and absorption of spinule ends into the terminal. And
recent studies with enhanced resolution 3D light microscopy
have confirmed that neuronal activity induces spine-derived
spinule elongation (Zaccard et al., 2020).

Invaginating structures originating from presynaptic
terminals in many animals vary from small spinules (Figure 1H)
to larger structures and are often filled with presynaptic vesicles
(Figures 1D,E). In the mammalian forebrain, some spinules that
invaginate into presynaptic terminals originate from adjacent
axons or presynaptic terminals, from ~12% in the CA1 region of
the rat hippocampus (Spacek and Harris, 2004) to ~35% in the
visual cortex of the ferret (Campbell et al., 2020). Invaginating
structures from adjacent presynaptic terminals that are filled
with synaptic vesicles often enter each other; these “pseudopodial
indentations” or “PSIs” are described in some vertebrate synaptic
terminals and can sometimes form complex intertwinings (Boyne
and Mcleod, 1979; Boyne and Tarrant, 1982; see invertebrate
examples in Figures 1B, 2). Such complex structures could
act as “variable diffusion traps” to control levels of ions and
other substances in the space between the processes (Boyne and
Tarrant, 1982). Electrical stimulation of presynaptic terminals
on the electrical organ of torpedo rays increases PSI frequency
and size (~27x; Boyne and Mcleod, 1979). Some inhibitory
GABAergic terminals in the mammalian forebrain invaginate
short structures into the postsynaptic cell. The postsynaptic

membrane surrounding the invaginating structure contains an
enzyme to synthesize cannabinoid that mediates a retrograde
signal for tonic inhibition of synaptic activity (Yoshida et al.,
2011; Omiya et al., 2015).

Cup-shaped spines are highly concave spines that wrap around
partly or fully invaginating presynaptic terminals. They are
common in cerebral cortex and hippocampus of mammals,
and especially in the dentate gyrus (Desmond and Levy, 1983;
Frotscher and Leranth, 1986; Petralia et al., 2017, 2018). Cup-
shaped spines can be even more complex in the nucleus
accumbens (Delgado et al., 2019; Yao et al., 2020), where
the presynaptic terminal can continue in part as a deeper
invagination with a synaptic active zone (Figures 1D,E; Delgado
et al, 2019). Desmond and Levy (1983) found that high-
frequency stimulation of entorhinal cortex input increases the
number of concave spines in the dentate gyrus. Spines in CAl
slice cultures appear more cup-like after chemical induction of
LTP (Nagerl et al., 2008), while the number of cup-shaped spines
decreases after high-frequency electrical stimulation to induce
LTP in CAL slice cultures (Chang and Greenough, 1984). Cup-
shaped spines appear to be more common in both slice and
dissociated cultures compared to intact tissue (Roelandse et al.,
2003; Mitchell et al., 2012; Petralia et al., 2017 and unpublished
data). All of this suggests that formation of cup-shaped spines
is a type of spine plasticity that is analogous in some ways to
development of the large convex mushroom spines.

Drosophila: Brain (Figure 2) and

Neuromuscular Junctions

One of the most striking recent revelations about invaginating
structures in synapses has occurred for the insect brain. When we
first reviewed the invaginating structures of all animals in 2015
(Petralia et al., 2015), such structures were almost unknown for
the insect brain.

The only examples were glia-derived capitate projections
invaginating into photoreceptor terminals in the Drosophila
eye (Prokop and Meinertzhagen, 2006) and some interaxonal
invaginating structures (Petralia et al., 2015). Then, in 2018,
utilizing FIB-SEM, (Gruber et al., 2018) described the synaptic
spinules of the olfactory circuit of the Drosophila brain, and it
became apparent that synaptic spinules are common. As can be
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FIGURE 2 | Invaginating structures in the Drosophila brain. Examples are FIB-SEM image stacks of the protocerebral bridge (A-E) and mushroom body (F,G). Blue,
dendrite; yellow, axon; magenta, either dendrite or axon or both. Axon terminals were defined by accumulation of synaptic vesicles or were traced to a presynaptic
T-bar; dendrites were traced to a postsynaptic process. Invaginating structures are defined as outward projections. (A) Neurites 1 and 2 are large axon terminals that
co-invaginate (neurite 1 invaginates into neurite 2 while neurite 2 invaginates into neurite 1). Neurite 3 is a dendrite that invaginates into axon 1, and neurite 3 is one
of the two postsynaptic processes of a T-bar synapse (t) of axon 2. Neurite 4 is a dendrite that invaginates into a glial cell process; neurite 4 also is one of two
postsynaptic processes at a T-bar synapse in an adjacent axon terminal (left image). (B) Neurite 1 is an axon terminal that invaginates into an adjacent axon terminal;
neurite 1 is also postsynaptic at a T-bar synapse in the adjacent terminal (bottom image). Neurites 2, 3, and 4 invaginate into the same large axon terminal; 3 and 4
are small dendrites. Neurite 2 (magenta) was traced for a long distance (>4 pum). This neurite 2 displays features of both presynaptic and postsynaptic structures
and forms at least two or three T-bar synapses as well as two or three postsynaptic processes with different synapses (not shown). (C) Axon terminal 1 is
invaginated by axon terminal 2 and also invaginates another terminal. Neurite 3 is a dendrite that forms four spine-like structures, including one that forms a
postsynaptic process at a synapse with terminal 1 and another that invaginates into a subjacent terminal. Neurite 4 is a dendrite that also invaginates into the same
subjacent terminal. (D) A structure from axon terminal 2 invaginates into axon terminal 1, while structures from dendrites 3, 4 and 5 invaginate into terminal 2. (E)
Neurites 1, 2, and 3 are projections from dendrites that invaginate into the same large axon terminal; neurite 1 has two invaginating structures. Neurite 3 also bears
some T-bar like structures (not shown). Invaginating structures from axon terminals can be filled with synaptic vesicles as seen in panels (A,B), or devoid of vesicles
as evident in panel (D). (F) Neurites 1-6 are all small axon terminals with relatively few synaptic vesicles. These axons invaginate with each other and also often
cluster to form synapses on central dendrite processes. (G) An example of a dendrite (1) invaginating into an axon terminal. The number in the lower left or lower
right corner of each micrograph indicates its z position in the FIB-SEM image stack. t = T-bar (only selected ones are labeled). Scale bars are 500 nm for panels
(A-E) and (F-G). Note that the protocerebral bridge neuropil (A-E) contains abundant invaginating processes from large axon terminals and dendrites, while the
mushroom body neuropil (F,G) contains abundant invaginating processes from small axon terminals but few from dendrites.

seen for two areas of the Drosophila brain in Figure 2, there terminals. This pattern appears to be the rule for the Drosophila
is a high abundance of invaginating neuronal processes into brain. Interestingly, some of the invaginating structures are
axonal terminals, derived from either dendrites or other axonal derived from neurites with reciprocal synaptic functions, acting

Frontiers in Synaptic Neuroscience | www.frontiersin.org 39 May 2021 | Volume 13 | Article 685052


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Petralia et al.

Invaginating Structures in Synapses

as both axon and dendrite. One such example is shown in
Figure 2B: neurite 1 is a vesicle-filled axonal terminal but also
forms one of the two postsynaptic elements of a photoreceptor
terminal T-bar synapse, and neurite 2 was traced to different
portions (not shown) containing postsynaptic processes or
presynaptic T-bars. Similar reciprocal structures in interneurons
are described for the ocellar photoreceptor terminal complex of
Drosophila (Stark et al., 1989) that shows an example of a vesicle-
filled interneuron invaginating into a photoreceptor terminal.
However, photoreceptor terminals in both compound eyes and
ocelli of Drosophila are invaginated mainly by specialized glial
processes, rather than axonal or dendritic ones (reviewed in
Prokop and Meinertzhagen, 2006; Petralia et al., 2015). Overall,
the complexity of the invaginations in the Drosophila brain
rivals or surpasses those found in the vertebrate brain, yet these
neuronal invaginations in insect synapses were overlooked or
missed by electron microscopists for the past 60 years!
Invaginations from presynaptic terminals also are common
at neuromotor junctions including neuromuscular (NMJ) and
secretomotor (such as glands) junctions (Petralia et al., 2017).
These invaginating structures can either partially or fully
invaginate into the postsynaptic cell. Such invaginating structures
are part of mechanisms mediating rapid responses of skeletal
muscle fibers. Because these invaginating structures also are
found in NM]Js of some slower muscles and glands, they
might facilitate maintaining an enclosed space for exchange of
regulatory factors. This function is best understood for NMJs
of larval Drosophila skeletal muscle (reviewed in Deshpande
and Rodal, 2016; Van Vactor and Sigrist, 2017, Guangming
et al,, 2020). A hundred-fold increase in muscle area occurs
during larval growth (Deshpande and Rodal, 2016) and this
must be accompanied by an equally impressive and matching
growth in the NM]J; thus, this enclosed invagination area is
a special arrangement to allow for the exchange back and
forth across the synapse of a large number of different growth
and regulatory factors to maintain this organization through
development. For example, Wg (wingless; a Wnt ligand) is one
of several regulatory proteins transported from the presynaptic
terminal membrane via release of exosomes, probably from
multivesicular bodies into the invagination intercellular space,
that affect postsynaptic differentiation; other factors move
retrogradely to affect presynaptic differentiation (Deshpande and
Rodal, 2016). Another curious example is the transport of Arcl,
important for synaptic plasticity, in capsid-like structures of
Arcl protein + mRNA within exosomes probably derived from
presynaptic multivesicular bodies (Ashley et al., 2018).

Invaginating Complexes of Processes
(Figures 11,J)

Some mechanoreceptor and photoreceptor cells in various
invertebrates and vertebrates have large invaginations at their
bases that contain a complex of both postsynaptic and
presynaptic invaginating processes (Petralia et al., 2016, 2017).
This is best known for the photoreceptor synapses of vertebrates
(Figures 1LJ), in which the various processes are arranged

within as well as subjacent to the invagination. Thus, they
are in different positions and with different combinations of
glutamate receptors within the area of glutamate spillover
diffusion; GABA and ephaptic conduction are probably also
involved here (Kramer and Davenport, 2015; Petralia et al,
2017). The main invaginating structures extend from bipolar
and horizontal cells; their invagination and function are partly
dependent on trans-synaptic complexes of proteins including
calcium channel subunits and receptors (Kerschensteiner, 2017;
Wang et al, 2017; Cao et al, 2020; Maddox et al, 2020;
Tsukamoto et al.,, 2021). Invaginating horizontal cell processes
form a type of reciprocal synapse including a feed-forward
function along with negative feedback to provide lateral
inhibition to help the brain modulate signals from groups of
adjacent photoreceptor cells. The feedback mechanism from
the horizontal cell processes to the photoreceptor cell may
involve variable combinations of three different mechanisms:
GABA (Figure 1I), proton (HT), and ephaptic transmission
(electrical coupling between nerve processes not involving direct
synapses) (Liu et al., 2013; Gardner et al., 2015; Kramer and
Davenport, 2015; Petralia et al., 2017; Barnes et al., 2020;
Hirano et al., 2020).

Horizontal cell processes vary in structure among vertebrates,
and often have large vesicles of unknown function. Human
horizontal cell processes at the rod photoreceptor terminal form
definitive synapses (Figure 1J; Linberg and Fisher, 1988). Many
fish have unusual spinules that invaginate into the photoreceptor
cell from the horizontal cell processes, and they have enlarged
ends with internal densities (Popova, 2014). These structures are
numerous in the day but mostly gone at night. Popova (2014)
suggests that they mediate feedback activity essential for the
coding of antagonistic color information. They possibly have
some role in postsynaptic neurotransmission and retract when
glutamate receptors are activated (Weiler and Schultz, 1993

Why Are Invaginating Structures So

Important for Synapse Function?

We have discussed the various aspects of this question in greater
detail in our previous reviews (Petralia et al., 2015, 2016, 2017,
2018). This is perhaps easier to answer for those invaginations
with synaptic active zones containing presynaptic vesicles and
postsynaptic densities. In these cases, the invagination creates a
unique, isolated environment for biochemical exchange/activity
between the presynaptic and postsynaptic structures. Depending
on the structural arrangements, this can either improve
the transmission of biochemical and/or electrical signals or
sequester and isolate chemicals associated with plasticity
between pre- and postsynaptic processes. One such example
is the mossy terminal synapses of the hippocampus (Petralia
et al., 2016, 2018). These large terminals are invaginated by
large, modified compound spines called thorny excrescences,
providing numerous active zones within the invagination
(somewhat similar structures are found in the thalamus;
Petralia et al,, 2016; Pelzer et al, 2017). The cleft region is
continuous and excludes glial processes. Overall, this specialized
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synapse is designed to have a higher net probability of release
than typical cortical synapses (Henze et al., 2000). And as we have
discussed, the invagination in the retinal photoreceptor synapses
is highly organized with processes arranged at different distances
and positions to take best advantage of neurotransmitter spillover
and feedback mechanisms to affect the highly specialized visual
responses. In some cases, an invaginating process without active
zones is designed to modify neurotransmission, as we have
discussed for presynaptic invaginating processes in inhibitory
synapses in the mammalian forebrain and horizontal cell spinules
in the fish retina. The Drosophila NM] is the best studied
example of a synaptic invagination providing an isolated and
regulated local environment for chemical exchange to affect
synaptic plasticity, as we discussed above. Finally, a large
variety of small invaginating processes exists, and which are
often broadly classified as “spinules,” lacking active zones and
originating from postsynaptic, presynaptic, or glial components
of the synapse. Many lines of evidence support various functions
for these spinules in nutrient exchange, modulation/mediation
of synaptic activity, and interneuronal signaling. Most intriguing
and least studied are possible electrical field/ephaptic signaling
effects (Faber and Pereda, 2018) that are likely facilitated by the
invaginating structures (Gardner et al., 2015).
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Visualizing Synaptic Multi-Protein
Patterns of Neuronal Tissue With
DNA-Assisted Single-Molecule
Localization Microscopy

Kaarjel K. Narayanasamy'2, Aleksandar Stojic’, Yunqing Li2, Steffen Sass’,
Marina R. Hesse', Nina S. Deussner-Helfmann?, Marina S. Dietz2, Thomas Kuner?,
Maja Klevanski' and Mike Heilemann2*

" Department of Functional Neuroanatomy, Institute for Anatomy and Cell Biology, Heidelberg University, Heidelberg,
Germany, ? Institute of Physical and Theoretical Chemistry, Goethe-University Frankfurt, Frankfurt, Germany

The development of super-resolution microscopy (SRM) has widened our understanding
of biomolecular structure and function in biological materials. Imaging multiple targets
within a single area would elucidate their spatial localization relative to the cell matrix
and neighboring biomolecules, revealing multi-protein macromolecular structures and
their functional co-dependencies. SRM methods are, however, limited to the number
of suitable fluorophores that can be imaged during a single acquisition as well as the
loss of antigens during antibody washing and restaining for organic dye multiplexing.
We report the visualization of multiple protein targets within the pre- and postsynapse
in 350-400 nm thick neuronal tissue sections using DNA-assisted single-molecule
localization microscopy (SMLM). In a single labeling step, antibodies conjugated with
short DNA oligonucleotides visualized multiple targets by sequential exchange of
fluorophore-labeled complementary oligonucleotides present in the imaging buffer. This
approach avoids potential effects on structural integrity when using multiple rounds of
immunolabeling and eliminates chromatic aberration, because all targets are imaged
using a single excitation laser wavelength. This method proved robust for multi-target
imaging in semi-thin tissue sections with a lateral resolution better than 25 nm, paving
the way toward structural cell biology with single-molecule SRM.

Keywords: single-molecule localization microscopy, super-resolution microscopy, DNA-PAINT, neuronal synapse,
multiplexing, Exchange PAINT, semi-thin brain tissue sections, tissue imaging

INTRODUCTION

Super-resolution microscopy (SRM) has revolutionized our understanding of cell biology. Single-
molecule localization microscopy (SMLM) is one branch of SRM, which employs photoswitchable
or transiently binding fluorophore labels and has demonstrated a near-molecular spatial resolution
(Sauer and Heilemann, 2017) allowing molecular quantification (Dietz and Heilemann, 2019).
A further exciting development was the integration of short DNA oligonucleotides into the
concept of SMLM, as realized in DNA point accumulation in nanoscale topography (DNA-PAINT)
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(Jungmann et al, 2010). The short oligonucleotides act as
transiently hybridizing pairs, with one coupled to a target
protein (the “docking strand”, attached to e.g., an antibody)
and a second carrying a fluorophore (the “imager strand”)
suspended in the imaging buffer. The transient hybridization of
both oligonucleotides generates a temporally short and spatially
localized signal, which at low concentration of imager strands
is recorded as a single-molecule emission event. A particular
strength of DNA-PAINT is that multi-color imaging is not limited
by the number of fluorophores that can be separated by their
emission spectra, but instead the “color” is encoded into the
DNA sequence of the pair of docking and imager strand utilized
in consecutive imaging rounds. Implementing an experimental
protocol that exchanges imager strands in the buffer solution
allows for imaging of more targets than if discrimination occurs
on the basis of emission spectra, a method termed Exchange
PAINT (Jungmann et al., 2014). Multiplexing and the excellent
spatial resolution achieved with DNA-PAINT is now beginning
to evolve as a tool in cell biology (Harwardt et al., 2020; Schroder
et al., 2020; Strauss and Jungmann, 2020).

The next important step in the application of SRM to cell
biology is to visualize the nano-architecture of proteins in the
functional context, which demands for super-resolution imaging
in tissue and multiplexed imaging of many proteins in the same
sample. SMLM imaging of 15 protein targets in cells and tissue
was recently achieved using multiple rounds of antibody labeling
and fluorophore staining (Klevanski et al., 2020). Here, we
demonstrate the integration of DNA-PAINT for super-resolution
imaging of structurally preserved neuronal brain tissue from rats,
and we achieve a lateral spatial resolution of better than 25 nm.
We demonstrate multiplexed imaging of four targets using only
one excitation laser light source and the same fluorophore for all
targets. This advantage further demonstrates the robustness of
Exchange PAINT as multiple structures can be aligned without
the need for chromatic correction. In addition, a single antibody
labeling step minimizes sample damage that might occur with
many repeated immunostainings. Furthermore, we integrate
recent developments in DNA-PAINT labels that allow for faster
imaging (Strauss and Jungmann, 2020). In short, we established
an experimental pipeline for robust and fast super-resolution
imaging of proteins in structurally preserved tissue that achieves
near-molecular spatial resolution and enables the ultrastructural
investigation of protein assemblies in their native environment.

RESULTS

We employed Exchange PAINT (Jungmann et al, 2014) for
super-resolution imaging of multiple protein targets in neuronal
tissue. Using this technique, four proteins were immunolabeled
simultaneously, thereby maintaining low sample preparation
time while obtaining an information-rich dataset. In a first
experiment, a-tubulin, mitochondria (TOM20), microtubule-
associated protein 2 (MAP2), and vesicular glutamate transporter
(VGLUT1) were labeled with primary antibodies (Ab) and
secondary Ab conjugated to DNA docking strands (P1, P5, R1,
or R4; see section “Materials and Methods”) (Figure 1). Docking

and imager strand sequences and modifications are reported in
Table 1 and Table 2, respectively.

The protocol for sequential DNA-PAINT imaging started
by adding P1 imager strands into the buffer and imaging a-
tubulin in the first round, followed by washing away the strands
and replacing them with P5 imager strands for mitochondrial
imaging. This set of steps was repeated with R1 and R4 strands
until all labeled proteins were imaged within the same region
of interest (ROI). Each set of frames was rendered individually
and merged together using fiducial markers to obtain an overlay
of four protein targets organized within tissue (see section
“Materials and Methods”).

This method was implemented to study the structure
and organization of proteins in semi-thin neuronal tissue
sections, specifically within the medial nucleus of the trapezoid
body (MNTB) region, which contains the calyx of Held
(Figure 2a, inset), a giant presynaptic terminal (gray) partially
enveloping the postsynaptic principal cell (purple) with finger-
like protrusions. Each calyx contains hundreds of active zones
(AZs) for glutamatergic synaptic transmission (Sdtzler et al,
2002; Dondzillo et al.,, 2010). A transverse section of the calyx
of Held reveals the soma of the principal cell and presynaptic
endings distributed around the edges, exposing the AZs of the
synaptic contact. a-tubulin, mitochondria, MAP2, and VGLUT1
were stained with the Ab-DNA conjugate and imaged with
Exchange PAINT (Figure 2a). The image shows several principal
cells enveloped by the presynaptic calyx of Held, two of them
fully visible within the tissue matrix (stippled lines), with one
sectioned across the nucleus, as well as axons and capillaries
(dotted line). MAP2 is commonly used as a neuronal marker as
it selectively labels neuronal cells, specifically the cytoplasm of
the soma and dendrites (Sarnat, 2013). VGLUT1 is a marker for
synaptic vesicles (SVs), which are concentrated in the presynaptic
terminal of the calyx. Regions with interesting morphological and
organizational protein distribution are magnified in Figures 2i-
iv, representing the co-organization between tubulin (red) and
mitochondria (cyan) within morphologically distinct structures.
Figures 2i,ii represent the transverse- and cross-sections of
axons, respectively, which show the parallel organization of
tubulin filaments along the length of the axon or the circular
arrangement of tubulin within an axon bundle. Mitochondria
within the axons are thin, elongated structures sandwiched
between tubulin filaments and are distributed randomly along
and across the axon bundle. The protein organization seen here is
in line with the fact that tubulin filaments (microtubules) play a
role in mitochondrial transport along axons to the presynaptic
terminals where they are needed to maintain continuous
synaptic transmission (Verstreken et al., 2005; Zorgniotti et al,,
2021).

Apart from axons, tubulin and mitochondria are also co-
organized in other parts of the neural network. Figure 2iii
shows the organization between tubulin and mitochondria within
the soma of the principal cell. Here, tubulin filaments appear
as short, thin fibrils without a distinct organizational pattern.
Similarly, mitochondria show random arrangement within the
soma. MAP2 clearly labels the soma of principal cells with
larger and oval shaped mitochondria embedded within the
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FIGURE 1 | Exchange DNA-PAINT of four targets imaged sequentially. Four protein targets in tissue were labeled with primary antibodies and their corresponding
secondary antibody-docking strand conjugate (P1, P5, R1, or R4). The Cy3B labeled imager strands were imaged sequentially by strand type with wash steps
between each imaging round. All SMLM rendered images depicting each target were merged to obtain a multi-protein super-resolved image. Scale bar 1 um (top)

and 0.1 pm (bottom).

matrix (Figure 2v). Another morphologically distinct structure
of tubulin is observed next to the smaller calyx synapse. Here,
tubulin forms dense, small bundles and each bundle is organized
tightly with 1-2 mitochondria (Figure 2iv).

Figures 2vi,vii show presynaptic compartments of the calyces
containing SV clusters (yellow) next to the principal cell.
A feature of interest is the proximity of SVs to tubulin, which
can be found as punctate structures embedded in the synaptic
site (Figure 2vi) or bordering the outer edge of the SV cluster
(Figure 2vii). The close proximity of tubulin and SVs has
been documented before (Piriya Ananda Babu et al., 2020) and
function in the transport and regulation of SV precursors to
the presynaptic terminal. Furthermore, mitochondria localized
in between SVs in the presynapse are morphologically more
compact and dense compared to those in the principal cell.

Next, we characterized the image quality using experimental
parameters used for SMLM data (Sauer and Heilemann, 2017).
We determined the localization precision and the spatial
resolution achieved with the different imager strands used in the
Exchange PAINT experiment, i.e., P1, P5, R1, and R4. The P1 and
P5 strands were among the first DNA sequences used in DNA-
PAINT and hybridized into a duplex of nine nucleotide base
pairs (Schnitzbauer et al., 2017). The R1 and R4 docking strands
contained repeated and concatenated sequences that allowed the
hybridization of multiple imager strands onto one docking strand
increasing the frequency of events (Strauss and Jungmann, 2020).
The localization precision of events was calculated from the

nearest neighbor value (Endesfelder et al., 2014; Figure 3A) and
the lowest localization precision value obtained was 3 nm with P5
strands. Median values recorded for all four strands were below
5 nm. The spatial resolution obtained for the four imager strands
was determined by a decorrelation analysis (Descloux et al., 2019)
which reported median values around 25 nm, and the highest
resolution achieved was 21 nm for the P5 strand (Figure 3B).
Although there was no apparent difference in the localization
precision and resolution between the P strands and R strands, a
marked advantage of the R strands was the shorter acquisition
time required during imaging and increased frequency of binding
between imager and docking strands, which was reported
to reduce the imaging time (Strauss and Jungmann, 2020).
We sought to quantify this using Fourier Ring Correlation
(FRC) analysis (Nieuwenhuizen et al., 2013) by calculating the
resolution of images formed over time. Each super-resolved
image was reconstructed from 20,000 frames with an integration
time of 150 ms (P1 and P5) or 100 ms (R1 and R4), respectively.
Figure 3C shows that the FRC curve plateaued before imaging
time was complete, therefore all images were able to achieve
maximum resolution at 20 000 frames. Saturation of resolution
was calculated at 95% of the lowest resolution value achieved
for each image. Indeed, both R strands were able to achieve
maximum resolution faster than P strands, with Rl and R4
at 17 and 20 min, and P1 and P5 at 37 and 34 min,
respectively. The reduction in imaging time by 15-20 min,
and comparable localization precision and resolution make
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FIGURE 2 | (a) A four-target overlay DNA-PAINT image of MNTB tissue with two calyx synapses and corresponding postsynaptic principal cell (stippled lines),
capillaries (dotted lines), and a graphical representation of the calyx of Held (inset). (i-vii) Magnification of regions within the primary image (a) showing different
protein morphologies and organization of tubulin, mitochondria, MAP2, and VGLUT1 within the MNTB. Scale bar 5 pm (a) and 0.5 pm (i-vii).

A B C ™ a = P1

8- 32 704 60

= — . o P5
= c E Es R1
E 0 ~ 301 = ~ . R4
c = N c 60 Qo .
~ 6 © kel o Y o w
c = 28 =}
o ,. * 2 E 30
7] ®! ° 8 'S o ® o x o > )
3 oS = 50 02 46 8 1012 14 16 18 20 22
o o & %" & & 281 ¢ ¢ ¢ S Frames (x1000)
a4 o b c ° 0 ° * o O
o n

g R ° % 24 © ° 00 ° E) i s
k= ° 14 ]
N = 22 oo = [ =
= 24 ] ]
S 8 ° 5 30
o 20 [s} Y
- o [ -

0 T y T T 18 y y y T 20 T T —— T T

P1 P5 R1 R4 P1 P5 R1 R4 0 10 20 30 40 50
DNA strand DNA strand Time (min)

FIGURE 3 | Comparison between P1, P5, R1, and R4 DNA-PAINT strands for (A) localization precision by nearest neighbor analysis (Endesfelder et al., 2014) and
(B) rendered image resolution by decorrelation analysis; n = 7. (C) Fourier Ring Correlation (FRC) resolution trend of the four strands over image acquisition time and
FRC over number of frames (inset); n = 1.

the R strands suitable for faster Exchange PAINT imaging of scaffold proteins Bassoon and Homer that delineate the active
multiple targets. zone and postsynaptic density (PSD) were imaged in MNTB

We next sought to apply Exchange PAINT to visualize a key tissue to observe their distribution. The presynaptic region was
component of the synaptic architecture — the AZ. Here, synaptic  identified using the SV marker VGLUT1 and the postsynaptic
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FIGURE 4 | (A) Four-target images of (i-iii) the organization of multiple Bassoon and Homer structures sandwiched between VGLUT1 (SV) and MAP2 (microtubules)
along the presynaptic border of the calyx of Held and the postsynaptic border of the principal cell. (iv=vi) Magnification of the AZ-PSD interface with aligned Bassoon
and Homer structures showing linear or curved morphologies. (B) Graphical representation of a trans-section of a calyx of Held principal cell (purple) surrounded by

the presynaptic cell (gray) and the organization of Bassoon, Homer, and SVs. (C) Quantification of the length of Bassoon- or Homer-positive areas, and the distance
between Bassoon and Homer; n = 25. (D) Line profile of 2D spatial organization of protein density based on fluorescence intensity from VGLUT1 to Bassoon to

area using the neuronal marker MAP2. Multiple Bassoon (AZ)
and Homer (PSD) structures represent synaptic contacts formed
by the calyx and principal cell (Figure 4Ai-iii). Bassoon is located
on the inner presynaptic border, defined here by the inner edge
of the VGLUT1 band, and Homer is juxtaposed against Bassoon
and found on the edge of the MAP2 signal (Figures 4Aiv-vi,B).
Magnified images of Bassoon and Homer show highly resolved
edges and a defined space in between, partially reflecting the
presence of the synaptic cleft, as well as curved (Figures 4Aiv,v)
or linear morphologies (Figure 4Avi) of the AZ and PSD.

The profile views of Bassoon and Homer were measured
lengthwise (Figure 4C) and had a comparable median length of
277 and 281 nm, respectively (Bassoon mean = 316 nm, SD = 117;
Homer mean = 278 nm, SD = 120). Of considerable interest
in studies of synaptic specializations is the distance between

Bassoon and Homer. These scaffold proteins are located below
their respective synaptic plasma membranes, therefore, unlike the
synaptic cleft which has a distance of only 28 + 9 nm in the
calyx (Sétzler et al., 2002), are spaced far enough apart to be easily
resolved using super-resolution light microscopy. The Bassoon-
Homer distance was found to fall into a narrow distribution range
with median 143 nm (mean = 144 nm, SD = 10 nm; Figure 4C).
This distance is reflected in the intensity line profiles of Bassoon
and Homer (Figure 4D). This value is in good agreement with
previous SMLM studies reporting values of ~150 £ 20 nm in
brain tissue (Dani et al.,, 2010) and ~165 4+ 9 nm in neuronal
cultures (Glebov et al., 2016).

The relative localization of VGLUT1 and Homer to Bassoon
was determined by measuring the fluorescence intensity profile of
the corresponding proteins within the AZ from the presynaptic
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terminal toward the principal cell (Figure 4D and inset). The
2D line profile shows defined Bassoon and Homer peaks with
respective widths of 82 nm and 85 nm at FWHM (Gaussian
fitting). SVs are found to be anchored at higher density closer
to Bassoon. SVs function in the release of neurotransmitters at
the presynaptic AZ, hence are present in high density on the
presynaptic membrane. While the exact function of Bassoon
is still unknown, it was shown to play a role in short-term
SV replenishment during neurotransmission (Dani et al., 2010;
Hallermann et al., 2010; Parthier et al., 2018) and SV tethering
to the AZ (Mukherjee et al,, 2010), thus accounting for the
colocalization of SVs and Bassoon.

DISCUSSION

Studies in structural biology require imaging in greater spatial
resolution and to observe proteins in their native environment.
One of the challenges in imaging neuronal structures is studying
the precise organization of proteins within a dense spatial matrix
as well as their relative localization to other neuronal proteins. To
this end, SRM has been used as a tool due to its ability to resolve
structures in the nanoscale and image multiple targets to obtain
an overview of protein arrangement within neurons (Colnaghi
et al, 2019; Kubo et al,, 2019), and has shed light on disease
pathologies within dense structures (Shahmoradian et al., 2019).
Single-molecule localization microscopy methods such as
STORM and Bayesian blinking and bleaching (3B) have been
used to study the organization of proteins in the AZ (Dani et al.,
20105 Glebov et al., 2016). However, the number of spectrally
distinct fluorophores that can be used for photoswitching and
for which chromatic aberration can be corrected are limited,
which prevents the imaging of more than three structures at a
time. To overcome this, super-resolution imaging with dSTORM
(Heilemann et al., 2008) was accomplished by sequential staining
realized via bleaching, elution, and restaining using antibodies
or other labels against 16 protein targets to obtain an overview
of protein distribution within the calyx of Held (Klevanski
et al, 2020). The signal density of a target protein can be
enhanced by implementing multiple rounds of labeling and
imaging (Venkataramani et al., 2018). An alternative solution
to visualize protein targets in SRM is the integration of DNA-
based protein labels (e.g., antibodies), such as in DNA-PAINT
(Schnitzbauer et al.,, 2017), in which the specificity of a target
is encoded in the DNA sequence attached to the protein label
and probed by a sequence-complementary and fluorophore-
labeled DNA oligonucleotide contained in the imaging buffer.
This concept has the additional advantage of providing a nearly
constant signal over time and being less prone to photobleaching,
which has also been adapted to other super-resolution imaging
techniques (Spahn et al., 2019a,b; Glogger et al., 2020).
DNA-PAINT can be extended to image multi-protein targets
without requiring specialized optics in a concept termed
Exchange PAINT (Jungmann et al, 2014). This method has
previously been used to study multiple targets within primary
neuronal cultures (Wang et al., 2017; Guo et al.,, 2019). However,
to our knowledge DNA-PAINT has so far not been employed

to study synaptic organization in neuronal tissue. Here, we have
demonstrated the robustness of the Exchange PAINT method
to image protein organization within the calyx of Held and
principal cell in semi-thin MNTB tissue in super resolution. This
method allows the imaging of multiple targets within a dense
structure and is not limited by fluorophore type. Instead, the
use of a single fluorophore type prevents chromatic aberration
which allows the study of spatial arrangement of structures
with better accuracy. Furthermore, Exchange PAINT does not
require the use of harsh and time-consuming elution steps or
bleaching methods. The single antibody labeling step for multiple
target proteins reduces sample preparation time and is only
limited by the availability of secondary antibody species. Further
increasing the number of protein targets for multiplexing is also
possible by using DNA docking strands directly conjugated to
primary antibodies, extending the versatility of this method. In
addition, we employed an imaging buffer with increased salinity
that we reasoned stabilizes DNA duplex formation, which is in
line with previous reports (Schueder et al, 2019). Using this
buffer, we detected a higher number of binding events over
time with the same imager strand concentration, which reduces
acquisition time and maintains low background signal. At the
same time, we verified that this imaging buffer does not alter
the structural integrity of the tissue sample at the level of spatial
resolution we attain with the imaging method. Furthermore,
the use of R strands speeds up image acquisition and offers
exemplary image resolution and localization precision. Indeed,
the resolution achieved here surpasses that achieved in similar
tissue sections with dSTORM imaging by ~5 nm (Klevanski et al.,
2020). Using Exchange PAINT, multiple dense nanostructures
of the pre- and post-synapse can be super-resolved to study
their nanoscale spatial patterns within structurally preserved
tissue sections. A possible extension would be to incorporate
quantitative DNA-PAINT into this workflow, which was recently
used to determine the copy numbers of AMPA receptors
(Boger et al., 2019).

In conclusion, the method presented here for multi-target
imaging using Exchange PAINT in tissue represents an important
step forward in studying the protein organization of synapses at
the nanoscale. While studying synaptic organization in cultured
cells using DNA-PAINT has been reported, it does not necessarily
exemplify their native organization in tissue. Therefore, this
workflow represents a means to advance the field of synaptic
biology by studying structurally relevant neuronal organization
in situ with near-molecular spatial resolution using optical SRM.

MATERIALS AND METHODS

Medial Nucleus of the Trapezoid Body

Tissue Preparation

All experiments that involved the use of animals were performed
in compliance with the relevant laws and institutional guidelines
of Baden-Wiirttemberg, Germany (protocol G-75/15). Animals
were kept under environmentally controlled conditions in the
absence of pathogens and ad libitum access to food and
water. Preparation of brain sections containing the MNTB for

Frontiers in Synaptic Neuroscience | www.frontiersin.org

June 2021 | Volume 13 | Article 671288


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Narayanasamy et al.

Super-Resolution Microscopy in Brain Tissue

TABLE 1 | Sequences of docking strands.

Name Sequence Modification
P1 docking strand TTATACATCTA 5" —Thiol
P5 docking strand TTTCAATGTAT 5" — Thiol
R1 docking strand TCCTCCTCCTCCTCCTCCT 5 — Azide
R4 docking strand ACACACACACACACACACA 5 - Azide

TABLE 2 | Sequences of imager strands.

Name Sequence Modification
P1 imager strand TAGATGTAT 3 -Cy3B
P5 imager strand CATACATTGA 3 - Cy3B
R1 imager strand AGGAGGA 3 - Cy3B
R4 imager strand TGTGTGT 3 -Cy3B

Exchange PAINT was performed according to an established
protocol (Klevanski et al., 2020) with slight modifications. Briefly,
Sprague-Dawley rats (Charles River) at postnatal day 13 were
anaesthetized and perfused transcardially with PBS followed
by 4% PFA (Sigma). Brains were dissected and further fixed
in 4% PFA overnight at 4°C. On the following day 200 pm
thick vibratome (SLICER HR2, Sigmann-Elektronik) sections
of the brainstem (containing MNTB) were prepared. MNTB
were excised and infiltrated in 2.1 M sucrose (Sigma) in 0.1
M cacodylate buffer overnight at 4°C. Tissue was mounted on
a holder, plunge-frozen in liquid nitrogen in 2.1 M sucrose
and semi-thin sections (350 nm) were cut using the cryo-
ultramicrotome (UC6, Leica). Sections were picked up with a
custom made metal loop in a droplet of 1% methylcellulose
and 1.15 M sucrose and transferred to 35 mm glass bottom
dishes (MatTek) pre-coated with 30 g/ml of fibronectin from
human plasma (Sigma) and TetraSpeck fluorescent beads (1:500,
Invitrogen). Dishes containing sections were stored at 4°C
prior to their use.

Antibody-DNA Conjugation

Secondary antibodies of donkey anti-chicken (703-005-155),
donkey anti-goat (705-005-147), donkey anti-mouse (715-005-
151), and donkey anti-rabbit (711-005-152) were purchased from
Jackson Immunoresearch. DNA strands were purchased from
Metabion with a thiol modification on the 5’ end for each docking
strand and a Cy3B dye on the 3" end for the imager strands.

The secondary antibody to DNA docking strand conjugation
was prepared using a maleimide linker as previously reported
in detail (1). The thiolated DNA strands were reduced using
250 mM DTT (A39255, Thermo). The reduced DNA was purified
using a Nap-5 column (17085301, GE Healthcare) to remove
DTT and concentrated with a 3 kDa Amicon spin column
(UFC500396, Merck Milipore).

Antibodies (>1.5 mg/mL) were reacted with the maleimide-
PEG2-succinimidyl ester crosslinker in a 1:10 molar ratio and
purified with 7K cutoff Zeba desalting spin columns (89882,
Thermo Fisher Scientific) and concentrated to > 1.5 mg/mL.
The DNA and antibody solutions were cross-reacted at a 10:1
molar ratio overnight and excess DNA was filtered through a 100

kDa Amicon spin column (UFC510096, Merck Milipore). The
antibody-DNA solution was stored at 4°C.

Immunolabeling

Tissue samples were labeled with antibodies against a-tubulin-
mouse (T6199, Sigma), TOM20-rabbit (sc-11415, Santa Cruz),
MAP2-chicken (188006, SySy), VGLUT1-goat (135307, SySy),
Homer1/2/3-rabbit (160103, SySy), and Bassoon-mouse
(SAP7F407, Enzo Life Sciences). Tissue samples in dishes
were washed with PBS three times for 10 min each to remove
the sucrose-methylcellulose layer and blocked with 5% fetal
calf serum (FCS) for 30 min. The primary antibodies were
diluted in 0.5% FCS and applied to the tissue section for 1 h at
room temperature (rt) and washed off three times with PBS.
The conjugated secondary antibody-DNA docking strand in
0.5% FCS was applied onto tissue for 1 h at rt and washed 3
times with PBS. The tissue was then stained with Alexa Fluor
488-conjugated WGA (WGA-A488) (W11261, Thermo Fisher
Scientific) in PBS for 10 min and washed off three times with PBS.

Image Acquisition

Single-molecule localization —microscopy and widefield
microscopy were performed on a modified Olympus IX81
inverted microscope setup with an Olympus 150x TIRF oil
immersion objective (UIS2, 1.49NA) and the samples were
illuminated in TIRF mode during acquisition. For imaging Cy3B
DNA imager strands, a 561 nm laser line (Coherent Sapphire
LP) was focused onto the sample at a density of 0.88 kW/cm?
through a 4L TIRF filter (TRF89902-EM, Chroma) and ET605/70
M nm bandpass filter (Chroma) and signals were detected with
an Andor iXon EM+ DU-897 EMCCD camera (Oxford
Instruments). WGA-A488 widefield images were obtained using
a 491 nm laser line (Olympus Digital Laser System). SMLM
frames were acquired using the multi-dimensional acquisition
(MDA) mode in Micro-Manager 2.0 (Edelstein et al., 2014).

Imaging Conditions

DNA-PAINT imaging was performed in 5x Buffer C (2.5 M
NaCl; 7653, Sigma in 5x PBS; 14200-059, Gibco) supplemented
with 1 mM ethylenediaminetetraacetic acid (EDTA; E6758,
Sigma), 2.5 mM 3,4-dihydroxybenzoic acid (PCA; 03930590,
Sigma), 10 nM protocatechuate 3,4-dioxygenase pseudomonas
(PCD; P8279, Sigma), and 1 mM ( % )-6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid (Trolox; 238813-5G, Sigma).
P strands (P1 and P5) were imaged at an imager strand
concentration of 0.5 nM and acquisition rate of 150 ms,
and R strands (R1 and R4) at a concentration of 50 pM
and acquisition rate of 100 ms. All images were acquired
with 50 EM gain, for 10,000 to 20,000 frames. Exchange
PAINT was performed manually by adding the imaging buffer
to the sample chamber and acquiring camera images. The
buffer was then removed and the sample washed five times
with 1x PBS to remove all imager strands. The subsequent
imaging buffer containing another imager strand was then
added and the procedure repeated until all targets were imaged.
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Image Processing

Frames containing single molecule events were processed
and rendered using Picasso software (Schnitzbauer et al.,
2017). Events in each frame were localized by fitting using
the Maximum Likelihood Estimation for Integrated Gaussian
parameters (Smith et al., 2010). The localized events were then
filtered by their width and height of the Point Spread Function
(sx. sy). The resulting localizations were drift corrected using
redundant cross-correlation (RCC), rendered using the “One
Pixel Blur” function and further processed using the “linked
localizations” function to merge localizations that appeared
in multiple consecutive frames. Images were merged in Fiji
(Schindelin et al., 2012) using the “merge channels” tool and
aligned by linear transformation using 0.1 pm Tetraspeck
fiducial markers (2155302, Invitrogen) as registration reference.
The individual channels were assigned pseudocolours. The
localization precision was determined via a nearest neighbor
analysis (NeNA) (Endesfelder et al., 2014) embedded into the
Picasso software. The lateral spatial resolution was calculated for
rendered SMLM images using an Image] plugin for decorrelation
analysis (Descloux et al., 2019).

Image Analysis

The length of Bassoon and Homer were measured in Image] by
creating a binary mask of the rendered image with the preset
“moments” threshold. A line was drawn along the long axis of the
AZ and PSD structure, respectively, and the length was measured.
The distance between Bassoon and Homer was measured by
drawing a line perpendicular to both structures and adjusting
the spline fit to incorporate the linear length of the structures.
The fluorescence intensity for each structure was plotted and
fitted with a Gaussian function. The distance was calculated from
the distance between the peak intensities of the two structures.
Similarly, the line profile of Bassoon, Homer, and VGLUT1 was
obtained by measuring their fluorescence intensity using the line
tool with spline fit perpendicular to the structures. Fluorescence
intensity against distance was averaged for all ROIs with Bassoon
peak intensity as the reference point.

Fourier Ring Correlation analysis (Nieuwenhuizen et al., 2013)
was performed by saving filtered and drift-corrected DNA-
PAINT localizations from Picasso and opening the localizations
in ThunderSTORM (Ovesny et al.,, 2014). Localizations were
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The function of synapses depends on spatially and temporally controlled molecular
interactions between synaptic components that can be described in terms of copy
numbers, binding affinities, and diffusion properties. To understand the functional role of
a given synaptic protein, it is therefore crucial to quantitatively characterise its biophysical
behaviour in its native cellular environment. Single molecule localisation microscopy
(SMLM) is ideally suited to obtain quantitative information about synaptic proteins on
the nanometre scale. Molecule counting of recombinant proteins tagged with genetically
encoded fluorophores offers a means to determine their absolute copy numbers at
synapses due to the known stoichiometry of the labelling. As a consequence of its high
spatial precision, SMLM also yields accurate quantitative measurements of molecule
concentrations. In addition, live imaging of fluorescently tagged proteins at synapses
can reveal diffusion dynamics and local binding properties of behaving proteins under
normal conditions or during pathological processes. In this perspective, it is argued
that the detailed structural information provided by super-resolution imaging can be
harnessed to gain new quantitative information about the organisation and dynamics
of synaptic components in cellula. To illustrate this point, | discuss the concentration-
dependent aggregation of a-synuclein in the axon and the concomitant changes in the
dynamic equilibrium of a-synuclein at synapses in quantitative terms.

Keywords: fluorescence recovery after photobleaching (FRAP), quantitative neurobiology, green fluorescent
protein (GFP), gene dosage, liquid-liquid phase separation (LLPS), Parkinson’s disease (PD), Lewy body (LB)

INTRODUCTION

Fluorescence Imaging and Quantitative Neurobiology

The quantitation of neurobiological experiments relies heavily on fluorescence microscopy. The
strength of this approach lies in the fact that fluorescent signals can be measured accurately
across a wide range of intensities (Figures 1A,B). Arguably, the most decisive breakthrough in
quantitative imaging came with the discovery of green fluorescent protein (GFP) as a versatile
fluorescent marker [reviewed in Piston et al. (1999)]. Using genetically encoded fluorophores fused
to a protein of interest has the advantage that the labelling is specific and quantitative, resulting in
a linear detection over a wide dynamic range. Furthermore, GFP is quite small and relatively inert,
meaning that in many instances the tagging of proteins does not interfere with their localisation
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and/or function (e.g, Wang and Hazelrigg, 1994; Marshall
et al, 1995). These qualities have driven the development
of a growing palette of fluorescent proteins for specific
applications including photoactivatable fluorescent proteins for
super-resolution imaging and biosensors for functional imaging
in living cells (Kim et al., 2021).

Almost any kind of fluorescence intensity measurement
can be used to illustrate and compare differences in protein
concentration between and within neurons. To qualify as
quantitative, however, the data should meet a number of criteria.
The fluorescence signals must be sufficiently bright to be
distinguished from the background noise. The dynamic range
should cover both the weakest signals above background as well
as the brightest signals without reaching saturation (0-255 in
an 8-bit image). Moreover, the acquisition should be conducted
in the linear range, where pixel intensities increase in the same
way as the amount of fluorescent proteins. If these conditions
are met, the data provide accurate information about the relative
quantities of fluorophores and by extension target proteins within
a given cellular compartment (Figure 1C).

There are limits to the applicability of conventional
fluorescence microscopy for quantitative neurobiology when
it comes to the demarcation of the observed space. Diffusely
distributed fluorophores within large compartments such as
neuronal somata or thick dendrites produce greater signals
than those within thin structures such as dendritic spines or
axons. While confocal microscopy can prevent this effect to
some extent by collecting only the emitted light from the focal
plane (Figure 1A), the problem persists as the compartments get
smaller. The underlying reason is that the point spread functions
(PSF) of closely spaced fluorophores overlap as a result of the
diffraction of light. In other words, the measurement of areas or
volumes becomes meaningless when their size approaches the
diffraction limit, as is the case for synaptic boutons, axons, or
dendritic spines. Neither the size of these structures (in pixels
or voxels) nor the fluorophore concentrations (in arbitrary
units of intensity) can be determined accurately. Ultimately, the
apparent size and signal intensity become inextricably linked
and cannot be measured independently (Figure 1C). The only
meaningful quantitative information that can be extracted under
these conditions is the integrated intensity that reflects the
total quantity of fluorophores within a given compartment,
independent of the space occupied by the fluorophores.

Single Molecule Localisation Microscopy

and Absolute Quantification

Several super-resolution imaging approaches bypass the
diffraction limit of fluorescence microscopy by essentially
reducing the observed space and thus providing a more defined
readout. Within the field of neurobiology, these approaches have
begun to yield new structural insights that have changed our
understanding of the internal organisation of neurons [reviewed
in Werner et al. (2021)]. Some of the most remarkable discoveries
to date are the identification of a periodic organisation of the
actin cytoskeleton in axons and elsewhere in the neuron
(Xu et al., 2013; Leterrier et al., 2015; Bar et al., 2016), or the

trans-synaptic alignment of pre- and postsynaptic protein
assemblies at excitatory and inhibitory synapses (Tang et al.,
2016; Yang et al., 2021). Super-resolution imaging of Lewy
bodies (LBs) has highlighted the presence of various organelles
surrounding a crowded core containing a-synuclein, lipids, and
fragmented membranes (Shahmoradian et al., 2019), which has
led to a lively debate about the role of a-synuclein fibrillisation in
the formation of LBs in Parkinson’s disease (PD; Lashuel, 2020;
Ericsson et al., 2021).

A previously overlooked consequence of the gain in spatial
resolution is that fluorescence intensity measurements can
now be applied to more restricted sub-cellular compartments
such as specific organelles, cytoskeletal elements, or, in the
case of neurobiology, the postsynaptic density (PSD), and
the presynaptic active zone (AZ). Since the estimation of
the occupied space is more precise in super-resolution
imaging, the concentration of a target protein in a specific
compartment (the integrated fluorescence intensity divided
by the area or volume) can be calculated quite accurately.
This value has actual biological significance as it describes the
relative enrichment of a protein at a given location, which
ultimately reflects its diffusion properties and/or the strength
of its molecular interactions. Hence the power of super-
resolution imaging can be exploited to obtain new types of
quantitative information.

Single molecule localisation microscopy (SMLM) is
particularly well suited for quantitative analysis, since it not
only achieves a localisation precision on the order of 10-20 nm,
but also provides an exact quantitative readout in the form
of single molecule detections (Lelek et al., 2021). This makes
SMLM an inherently quantitative approach. The technique
relies on the use of photoactivatable fluorophores that can be
imaged sequentially rather than all at once. In this way, single
fluorophore signals are temporally separated, which makes it
possible to calculate the positions (and numbers) of the emitting
molecules with great precision. Clustering algorithms have been
repurposed to allow grouping of the detections into spatially
and/or temporally defined subsets for quantitative analysis,
including Ripley’s functions, DBSCAN, Voronoi tessellation and,
more recently, graph-based approaches (Khater et al., 2020). The
dynamic range of SMLM is theoretically unlimited from a true
zero up to closely packed fluorophores. The sensitivity of SMLM
is that of a single molecule (Figure 1D).

Single molecule localisation microscopy can even be used
for absolute quantification, where the numbers of single
molecule detections are converted into actual molecule numbers
and packing densities (e.g., Maynard et al., 2021). Different
approaches have been developed, generally involving some kind
of internal calibration standard that can be extrapolated to
clusters of detections arising from larger protein complexes
or unknown structures (Wu et al, 2020). SMLM-based
molecule counting is best performed with genetically encoded
photoactivatable fluorophores, because this ensures the complete
labelling of the target proteins, in particular when using a knock-
in animal model. Quantitative SMLM analysis of endogenous
proteins is also possible using immuno-labelling with reversibly
blinking organic dyes (STORM). However, antibody labelling
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FIGURE 1 | Quantitative fluorescence microscopy of a-synuclein. (A) Lentivirus-driven expression of aSyn:Eos4 in an organotypic hippocampal slice, visualised by
confocal imaging using 488 nm illumination. The recombinant fusion protein is distributed throughout the somato-dendritic compartment of a pyramidal neuron and
enriched in presynaptic terminals (red arrowheads). Scale: 10 wm. (B) Co-localisation of recombinant aSyn:Eos4 (low expressing construct, cyan) with endogenous
synapsin | immuno-labelling, red) at synapses in cultured cortical neurons. Scale: 5 pm. (C) Conventional fluorescence imaging of aSyn:Eos4 (low expressing
construct) in a fixed cortical neuron (excitation 488 nm). Top panel: image with full dynamic intensity range (0-255 arbitrary units, a.u., frequency histogram). The red
line denotes a trace through a synaptic bouton along which an intensity profile was measured. Middle panel: same image displayed with enhanced brightness for
visibility. The values represent background-corrected integrated intensity readings of aSyn:Eos4 at individual boutons. Bottom panel: measurement of the apparent
sizes of aSyn:Eos4 clusters in a binary image. Scale: 1 wm. (D) Single molecule super-resolution imaging of aSyn:Eos4 (561 nm laser excitation with
photoconversion, 20,000 frames). Top: pointillist single molecule localisation microscopy (SMLM) image with the number of detections of each bouton. The zoom on
the right shows that aSyn:Eos4 occupies a sub-region of the bouton, likely corresponding to the synaptic vesicle (SV) domain. Red arrowheads indicate clusters of
detections arising from single mEos4b fluorophores. Bottom: rendered image showing that the high density domains of aSyn:Eos4 make up only 20-40% of the total

area of the synapse. (E) Simplified model showing the dynamic equilibrium of a-synuclein at synapses. Increased expression or reduced synaptic binding at
synapses raises the concentration of the soluble fraction of a-synuclein in the axon and promotes its aggregation throughout the neuron.

is notoriously non-linear, and these experiments are generally
restricted to fixed samples (Lelek et al., 2021).

Why Numbers Matter: «-Synuclein
Dosage and Parkinson’s Disease

In many cases, a simple qualitative comparison of signal
intensities may be sufficient to describe a biological effect. What
then are the advantages of a fully quantitative approach? The
strongest arguments for quantitative imaging are that (1) many
biological phenomena are concentration dependent, (2) the
relevance of a change in protein distribution is best evaluated
on a linear scale, (3) quantitative data can be directly compared
between different laboratories and experimental approaches,
and (4) biophysical models rely on quantitative parameters to
describe biological phenomena in mathematical terms. The need
for quantitative information is exemplified by the presynaptic
protein a-synuclein, because we do not yet fully understand many
of the processes that underlie its dynamic behaviour within cells.
In particular, the pathophysiology of a-synuclein is a uniquely
quantitative problem.

Strongly enriched in presynaptic boutons (Figures 1A,B),
a-synuclein is associated with synaptic vesicles (SV; Clayton
and George, 1999) due to their lipid composition and curvature
(Davidson et al., 1998). Other possible binding partners of
a-synuclein include lipid rafts (Fortin et al,, 2004), VAMP2
(Burré et al., 2010), as well as synapsin III (Zaltieri et al., 2015)
and synapsin Ia (Atias et al., 2019). Based on the multiplicity
of its molecular interactions hundreds of putative functions
of a-synuclein have been proposed, as critically discussed
by Vladimir Uversky (2017). Judging from the fact that the
deficiency of a-synuclein and its paralogs - and y-synuclein does
not result in overt phenotypes (Abeliovich et al., 2000; Chen et al.,
2002; Connor-Robson et al., 2016), it is likely that a-synuclein
plays a modulatory role in SV cycling that can be compensated
by other presynaptic components. What makes a-synuclein one
of the most studied macromolecules is that it plays a decisive
role in PD and other neurodegenerative diseases referred to
as synucleinopathies (Goedert and Spillantini, 1998). The first
evidence linking a-synuclein to the pathophysiology of PD was
the discovery of a-synuclein as the main protein component
of LBs (Spillantini et al., 1997). Several point mutations in
the SNCA gene that increase the propensity of a-synuclein
to aggregate were identified in inherited cases of early onset

PD (e.g., Polymeropoulos et al., 1997; Kruger et al, 1998).
Certain conformations of wildtype and mutant a-synuclein
produce B-sheeted fibrils (Iwai et al., 1995; Conway et al., 1998;
El-Agnafetal,, 1998; Narhi et al., 1999) that first appear in the
axons and eventually condensate as LBs in the somata of affected
neurons (Volpicelli-Daley et al., 2011).

Overexpression of a-synuclein as a result of gene duplication
or triplication is also associated with familial PD (Singleton
et al., 2003; Chartier-Harlin et al., 2004; Ibaiez et al., 2004),
indicating that the tendency of a-synuclein to aggregate is
concentration dependent. It has recently been demonstrated
that the formation of intracellular aggregates of a-synuclein in
response to seeding of exogenous fibrils is more pronounced
in cultured hippocampal neurons that express high endogenous
levels of a-synuclein than in other neuronal populations
(Courte et al., 2020). Since nucleation-dependent polymerisation
processes are concentration and time-dependent and are strongly
affected by the reaction conditions (temperature, pH, and
buffer composition) (Hashimoto et al., 1998; Wood et al,
1999), understanding a-synuclein toxicity in neurons requires a
quantitative in-cell approach.

A Quantitative Approach to a-Synuclein
Dynamics

As argued above, fluorescence microscopy offers a direct,
quantitative view of a-synuclein distribution both in fixed and
live neurons (Figure 1C). GFP-tagged a-synuclein accumulates
at presynaptic locations similarly to the endogenous protein,
suggesting that the fluorophore does not interfere with lipid
binding (Specht et al., 2005; Caputo et al., 2020). Since the
fusion of a small protein of 140 amino acid residues with a
fluorescent protein of 250 residues could impair its function,
the development of alternative tagging strategies is desirable.
Nonetheless, the fact that the subcellular distribution a-synuclein
is preserved justifies the use of genetically encoded fluorophores
to study the protein dynamics of a-synuclein in living neurons.
A defining feature of a-synuclein is its exceptional mobility.
Fluorescence recovery after photobleaching (FRAP) shows that
GFP-tagged a-synuclein moves rapidly in the soma and the axon
(Spinelli et al., 2014), probably in the form of freely diffusing
monomers. At least two dynamic states of a-synuclein were
identified at synapses, a fast component similar to the one
in the axon, as well as a slower component that exchanges
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with a time constant of 2-3 min, pointing to the transient
interaction of a-synuclein with synaptic binding sites (Spinelli
et al., 2014). Occupancy of these binding sites depends on the
strength of the molecular interactions, the concentration of free
(soluble) a-synuclein and its diffusion in the axon, which creates a
dynamic equilibrium between free and reversibly bound proteins.
Interestingly, the mobility of a-synuclein also shapes its likely
functional behaviour at synapses. In response to presynaptic
activity, a-synuclein dissociates from the synaptic binding sites
and is temporarily dispersed in the neighbouring axon, a property
that it shares with other vesicle associated proteins such as
synapsin (Fortin et al., 2005).

Although time-lapse imaging accurately describes the
diffusion of a-synuclein at steady state or out of equilibrium,
the interpretation of the data is complicated by the low spatial
resolution of conventional fluorescence microscopy. The small
diameter of axons and the small volume of presynaptic terminals
present morphological constraints on diffusion that need to
be taken into account. This is shown by the difference in
the effective exchange rates of soluble a-synuclein measured
in the soma and in the axon (Spinelli et al., 2014). Another
consequence of the low spatial resolution is that the diffusion
properties of molecules in spatially separated sub-domains
cannot be studied independently, making it difficult to attribute
the different kinetic states in FRAP experiments (Reshetniak
et al,, 2020). In particular, there is a distinct lack of information
about actual fluorophore numbers, concentrations, and molecule
fluxes of a-synuclein between the axon and the synapse. In
classical FRAP experiments, fluorescence intensities are usually
normalised to correct for differences in the initial intensity of
synaptic puncta. Normalisation and the calculation of averages
means that information about absolute molecule quantities is
often disregarded. Since the occupancy of synaptic binding
sites is dependent on the concentration of free a-synuclein,
overexpression can saturate the binding sites, which may be
partly to blame for conflicting experimental results (Fortin et al.,
2005; Spinelli et al., 2014; Reshetniak et al., 2020; Weston et al.,
2021). Another problem is that FRAP can induce phototoxicity
and/or crosslinking (Lippincott-Schwartz et al, 2003), as
suggested by the fact that most synaptic proteins display a
significant immobile fraction, irrespective of their dynamic
properties (Reshetniak et al., 2020). The detection of a stable
component does therefore not necessarily prove the existence
of aggregated a-synuclein at the synapse as has been suggested
(Spinelli et al., 2014; Weston et al., 2021).

In contrast, the high spatial resolution of SMLM makes it
possible to measure detection densities within defined axonal
compartments. Quantitative single molecule imaging can thus
give access to several relevant biophysical parameters. For
example, the number of available binding sites of a-synuclein
at synapses probably scales with the number of SVs. Molecule
counting can yield copy numbers and absolute concentrations
of a-synuclein. According to previous estimates, a-synuclein
is very abundant, with about of 20-70 copies per SV and
about 6,500 copies per bouton (Wilhelm et al., 2014; Fakhree
et al., 2016). These values are likely to vary sharply between
different neuronal cells and types of synapses. The affinity of

a-synuclein for its synaptic binding sites is reflected in the steep
concentration gradient between the synaptic and extrasynaptic
a-synuclein populations. Single molecule localisation microscopy
images of cortical neurons expressing low levels of recombinant
a-synuclein tagged with the photoconvertible fluorophore
mEos4b (aSyn:Eos4) show the enrichment of a-synuclein in
synaptic boutons (Figure 1D). Most aSyn:Eos4 detections are
concentrated in a sub-region of the bouton that probably
corresponds to the SV domain. The concentration elsewhere
in the bouton is much lower, to the point that clusters of
detections from single molecules are visible and the notion
of concentration itself becomes ill defined. The fact that the
concentration of a-synuclein outside the SV domain is similar to
that in the axon shaft suggests that this volume contains freely
diffusing a-synuclein as observed by FRAP (Spinelli et al., 2014).
Single molecule tracking can provide further information about
diffusion and binding of a-synuclein at synapses, taking into
account the existence of different diffusive states (e.g., Laurent
etal, 2019; Verdier et al., 2021). If the association of a-synuclein
with SVs gives rise to oligomers as suggested by Burré and
colleagues (Burré et al., 2014), a degree of cooperativity of binding
may be expected. An alternative model suggests that a-synuclein
is clustered together with synapsin and SVs in a liquid phase
(Hoffmann et al., 2021), which would be governed by particular
stoichiometries and modes of diffusion.

CONCLUSION

A Spatio-Temporal Model of «-Synuclein
Aggregation
In addition to a possible functional role, the dynamic properties
of a-synuclein have important implications for pathology.
There is some debate about the toxicity of different species of
a-synuclein. One theory has it that LBs themselves are relatively
inert (Goldberg and Lansbury, 2000), and that intermediate,
toxic species such as misfolded oligomers or proto-fibrils bind
to different cellular targets, disrupting essential physiological
processes [reviewed in Gracia et al. (2020)]. The existence
of distinct fibrillar polymorphs that can trigger a-synuclein
aggregation in neurons and exhibit different phenotypic profiles
clearly demonstrates that fibrils play a central role in the prion-
like propagation of a-synuclein toxicity (Peelaerts et al., 2015;
Shrivastava et al., 2020). However, there is no consensus on the
initial dysregulation of endogenous a-synuclein in the recipient
neurons and whether the toxic aggregates are formed at the
synapse itself as some studies suggest (e.g., Kramer and Schulz-
Schaeffer, 2007; Spinelli et al., 2014) or elsewhere in the neuron.
An alternative explanation is that the aggregation of a-synuclein
in the axon leads to its depletion at synapses, and that the
pathological process is initiated or at least exacerbated by a loss
of function of a-synuclein (Collier et al.,, 2016; Ninkina et al.,
2020).

Lipid binding of a-synuclein was shown to induce an
a-helical conformation in the N-terminal two-thirds of the
protein (Davidson et al., 1998). Interestingly, lipid binding and
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the stabilisation of the a-helical structure also reduces the
tendency of a-synuclein to form fibrils in vitro (Zhu and
Fink, 2003). Based on these findings it can be hypothesised
that a-synuclein aggregation in neurons depends on the
concentration of free a-synuclein rather than the bound fraction
at synapses. If these considerations are correct, any condition
that shifts the dynamic equilibrium towards free a-synuclein,
such as overexpression or changes in the affinity for synaptic
binding sites is expected to accelerate the aggregation process
(Figure 1E). It may further be speculated that the aggregation
can begin anywhere in the neuron, since the concentration of
freely diffusing a-synuclein is probably uniform. This would
also be true if a-synuclein aggregation is driven by liquid-
liquid phase separation (LLPS; Ray et al, 2020). That said,
nucleation probably depends on the transmission process of toxic
a-synuclein aggregates between cells. If membrane binding and
internalisation is a random process, most transmission events are
likely to occur on axons, due to their large total surface area. If,
on the other hand, the transmission of toxic forms of a-synuclein
depends on a synapse-specific mechanism (e.g., Shrivastava et al.,
2020), nucleation would preferentially occur at synapses.
Quantitative imaging can provide essential information that
helps distinguish between these possibilities. The systematic
quantification of a-synuclein expression can substantiate the
relationship between protein concentrations in neurons and their
susceptibility to pathogenic insults. Since the concentration of
soluble a-synuclein can be measured in the soma, this could be
easily accomplished with conventional fluorescence microscopy,
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Contribution of Membrane Lipids to
Postsynaptic Protein Organization
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Netherlands

The precise subsynaptic organization of proteins at the postsynaptic membrane
controls synaptic transmission. In particular, postsynaptic receptor complexes are
concentrated in distinct membrane nanodomains to optimize synaptic signaling.
However, despite the clear functional relevance of subsynaptic receptor organization
to synaptic transmission and plasticity, the mechanisms that underlie the nanoscale
organization of the postsynaptic membrane remain elusive. Over the last decades, the
field has predominantly focused on the role of protein-protein interactions in receptor
trafficking and positioning in the synaptic membrane. In contrast, the contribution
of lipids, the principal constituents of the membrane, to receptor positioning at the
synapse remains poorly understood. Nevertheless, there is compelling evidence that
the synaptic membrane is enriched in specific lipid species and that deregulation of lipid
homeostasis in neurons severely affects synaptic functioning. In this review we focus
on how lipids are organized at the synaptic membrane, with special emphasis on how
current models of membrane organization could contribute to protein distribution at the
synapse and synaptic transmission. Finally, we will present an outlook on how novel
technical developments could be applied to study the dynamic interplay between lipids
and proteins at the postsynaptic membrane.

Keywords: synapse, membrane, lipid, membrane organization, synaptic plasiticity, synaptic plasma membrane

INTRODUCTION

Experience-dependent modulation of synaptic connections in the brain underlies complex
cognitive processes such as learning and memory. In particular, activity-dependent changes in the
postsynaptic organization are thought to be essential for the expression of the long-term changes
in the efficiency of synaptic transmission that underlie memory formation (Martin et al., 2000;
Takeuchi et al., 2014). Indeed, recent super-resolution microscopy studies demonstrated that the
positioning of synaptic scaffolding molecules and receptors anchored at the postsynaptic density
(PSD) is tightly controlled at the nanoscale and is adjusted by synaptic activity (Fukata et al., 2013;
MacGillavry et al., 2013; Nair et al., 2013; Tang et al., 2016; Goncalves et al., 2020). Specifically,
subsynaptic clusters of receptors, or nanodomains, in the synaptic membrane enriched in AMPA-
or NMDA-type glutamate receptors (AMPARs and NMDARs) and scaffolding molecules were
found to be aligned with the presynaptic glutamate release site to optimize synaptic transmission
(Tang et al., 20165 Li et al., 2021). However, how these nanodomains are formed and modulated
during synaptic plasticity remains unknown.
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Despite synaptic receptors being integral membrane proteins
that are embedded in the lipid bilayer, the contribution
of lipids to synaptic organization and functioning remains
poorly understood. Nevertheless, lipids are the most abundant
components of the brain and lipid dysregulation is thought to
underlie several cognitive disorders (Kanungo et al., 2013; Martin
et al., 2014; Pérez-Cafiamas et al., 2017; van der Kant et al.,
2019). Interestingly, synapses are enriched in specific lipid species
such as cholesterol and sphingolipids (Breckenridge et al., 1972)
and other less abundant components, such as phosphoinositides.
This unique lipid composition can have various important
consequences for synapse organization and functioning. For
instance, lipids can control compartmentalization and proper
positioning or activation of critical synaptic protein complexes
(Haucke and Di Paolo, 2007; Arendt et al., 2010; Dotti
et al., 2014; Brachet et al, 2015). Moreover, changes in lipid
composition determine membrane viscosity, thereby directly
controlling the mobility and lateral diffusion of membrane
molecules. Indeed, the particular composition of the lipid
bilayer strongly favors the maintenance of a heterogeneous
spatial organization of membrane lipids and associated proteins
(Ingolfsson et al, 2017; Fitzner et al, 2020). The unique
composition and structure of the synaptic membrane is therefore
predicted to directly impact the activity-dependent changes in
protein organization at synapses, ultimately controlling synaptic
physiology and brain function.

In this review we will focus on the contribution of the
postsynaptic plasma membrane to synapse organization and
neuronal function. We will discuss our current understanding
of the lipid composition of the synaptic membrane, consider
intrinsic and extrinsic factors that influence membrane
organization and lastly, we will highlight technical advances
that can be used to further study the role of the membrane in
postsynaptic organization.

THE NEURONAL AND SYNAPTIC
LIPIDOME

The composition of the plasma membrane is significantly
different between cell types, is adjusted during developmental
stages and can adapt in response to environmental changes. We
are only beginning to understand how this dynamic diversity
in lipid composition influences cellular functions but it is
becoming clear that the heterogeneity in lipid composition
directly determines physical properties of the membrane and is
important for key cellular processes.

Cellular membrane lipids are amphipathic molecules
with a characteristic polar headgroup and long hydrophobic
fatty acid tails causing them to spontaneously form a thin
lipid bilayer (Figure 1). Lipids can be categorized based
on their head groups, fatty acid chain lengths and degree
of saturation. The three major classes of membrane lipids
are phospholipids, glycolipids, and sterol (Figure 1A).
Phospholipids form the vast majority of lipids in plasma
membranes (>50%), with a small contribution of glycolipids
(<5%). Cholesterol constitutes 25-35% of the membrane

lipids and provides rigidity to the plasma membrane.
Together, the phospholipids  phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phosphatidylserine (PS),

and sphingomyelin constitute more than half the mass of lipids
in most mammalian membranes.

Advances in lipidomic profiling have enabled the
precise identification and quantification of lipid species in
tissues. These approaches revealed that lipid composition
of the brain is highly distinct from other tissues with
relatively high levels of cholesterol and polyunsaturated
fatty acids (PUFAs; Bozek et al, 2015; Fitzner et al, 2020).
Interestingly, comparison between species revealed that
this diversity rapidly expanded in primates, linking brain
lipidome complexity to the evolution of higher cognitive
brain functions (Bozek et al, 2015). Further analysis
of cell-type specific lipid profiles revealed that neurons
are particularly enriched in cholesterol and ceramide
(Fitzner et al., 2020).

Several studies have investigated the lipid composition of
synaptic plasma membranes isolated using zonal centrifugation
from adult rat brain (Cotman et al, 1969; Breckenridge
et al, 1972; Igbavboa et al, 2002; Tulodziecka et al,
2016). The major lipid types in synaptic membranes are
cholesterol, phospholipids and gangliosides, with PE and PC
as the most abundant phospholipids (Cotman et al., 1969;
Igbavboa et al., 2002). Compared to the whole brain, the
fraction of glycolipids in synaptic membranes seems lower
while sphingomyelin seems more abundant (Cotman et al,
1969). Interestingly, although sphingomyelin is detected
at low levels, in contrast to other membranes, in synapses
sphingomyelin is composed of almost exclusively stearic (18:0)
acid (Breckenridge et al, 1972). When looking more closely
at the fatty acid composition, it was found that the synaptic
plasma membrane is particularly enriched in PUFAs (Cotman
et al., 1969; Breckenridge et al., 1972; Igbavboa et al., 2002).
Particularly high levels of docosahexaenoic acid (DHA) in
PE and PS phospholipids were detected, which is a striking
difference compared to the plasma membrane composition
of other tissues. A recent comprehensive lipidomic study
showed that the lipid composition of the PSD membrane
evolves with development (Tulodziecka et al, 2016), with
key species such as cholesterol progressively increasing
during development. Additionally, glycosphingolipid levels
are developmentally regulated and increase throughout postnatal
life (Ngamukote et al., 2007).

It is worth noting, however, that several technical limitations
prevent forming a comprehensive characterization of the
absolute synaptic plasma membrane lipidome with existing
biochemical approaches. Whereas synaptosomal preparations
contain a mixture of presynaptic membranes, like synaptic
vesicles, and other organellar membranes, isolation of PSD
plasma membrane relies on the use of non-ionic detergents
that can influence the extracted lipid content. Nevertheless,
despite differences in absolute numbers of certain lipid
species, namely cholesterol and glycosphingolipids, relative
compositional changes in response to specific conditions can
reliably be detected (Tulodziecka et al., 2016).
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FIGURE 1 | Lipid types. (A) The three major classes of membrane lipids (phospholipids, glycolipids, and sterols) with an example lipid structure (bold) for each.
Glc - D-glucose, Gal — b-galactose, NANA — N-actylneuraminic acid, and GalNac — N-acetyl-D-galactoseamine. (B,C) Acyl chain composition. (B) Fatty acid chain
length for palmitic acid and arachidic acid. (C) Lipid structures of lipids with different saturation levels (stearic acid, oleic acid, and docosahexaenoic acid).
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MEMBRANE COMPOSITION DICTATES
ITS ORGANIZATION: INTRINSIC
FACTORS

The distinct lipidomic profile of neuronal membranes is
likely to influence key neuronal functions. Particularly at
synapses, the specific lipid composition could contribute to
the heterogeneous nanodomain organization of receptors.
However, testing the precise contribution of individual
lipids to membrane organization and function in neurons
remains technically challenging. Nevertheless, pioneering
studies in model membrane systems have characterized the
unique biophysical properties of individual lipid species and
revealed that these intrinsic properties determine important
organizational properties of membranes. We will first provide a
brief overview of the general concepts and models of membrane
organization and then discuss how these could be incorporated
in our current understanding of synapse organization. For more
extensive reviews on membrane organization, we refer to a few
excellent recent reviews (Sezgin et al., 2017; Jacobson et al., 2019;
van Deventer et al., 2021).

Contribution of Biophysical Properties of

Lipids to Membrane Organization

The classic fluid mosaic model (Singer and Nicolson, 1972) was
the first to conceptualize and explain experimental observations
on the fluidic nature of the plasma membrane. It emphasized that
the two-dimensional lipid bilayer is liquid, and that membrane
fluidity is the key driver that allows the heterogeneous mixing of
lipids and membrane proteins. Almost 50 years later, this model
is still valid and has clear relevance for our current thinking
on membrane organization. The fluidity of membranes is a key
determinant of the diffusion rate of lipids and transmembrane
proteins in the membrane as formalized in the hydrodynamic
model proposed by Saffman and Delbriick (1975). Membrane
fluidity is largely determined by acyl chain composition of
membrane lipids (Figures 1B,C). First, longer acyl chains have
a larger surface area available for Van der Waals interactions with
neighboring acyl chains, reducing membrane fluidity. Second,
while straight saturated acyl chains can be efficiently packed
closely together, the kink in the hydrocarbon chain of unsaturated
acyl chains prevents efficient packing and thus helps to maintain
membrane fluidity. Another important determinant of fluidity is
cholesterol, which generally promotes packing of lipids.

Driven by their intrinsic biophysical properties, long saturated
acyl chains and cholesterol tend to segregate into tightly packed,
liquid-ordered (Lo) phases, whereas unsaturated acyl chains
preferentially accumulate in liquid-disordered (Ld) phases. This
phase behavior has been studied extensively in synthetic model
membranes and has also been observed in giant plasma
membrane vesicles (GPMVs) derived from living cells (Baumgart
et al., 2007). These observations have greatly influenced the lipid
raft theory proposing the existence of ordered lipid domains
enriched in cholesterol and glycosphingolipids that facilitate the
clustering of specific membrane proteins and associated signaling
complexes to form dynamic signaling platforms (Simons and

Ikonen, 1997; Figure 2). This theory has been investigated
vigorously by biochemical methods that extract detergent-
resistant membranes (DRMs) enriched in glycosphingolipids
and cholesterol (Brown and Rose, 1992). However, because of
technical caveats associated with these biochemical approaches
and the absence of direct visualization of lipid rafts in living cells,
this theory has gained considerable criticism (Pike, 2009; Levental
et al., 2020). Nevertheless, in general, rafts are considered to
constitute rather small (20-200 nm) and transient membrane
domains (Pike, 2006; Eggeling et al., 2009) and considerable
attention has been devoted to characterize raft-promoting lipids
such as cholesterol and glycosphingolipids in different cellular
systems. In contrast, the role of (poly-) unsaturated fatty acids in
membrane organization is less well understood. However, these
lipids are increasingly recognized as drivers of membrane domain
formation (Wassall and Stillwell, 2009). Particularly, studies using
GPMVs indicate that polyunsaturated lipids (especially DHA)
promote the formation and stabilization of ordered membrane
domains by increasing the phase difference in ordering (Levental
etal, 2016, 2017).

Variations in membrane thickness can also have profound
consequences for the organization of transmembrane proteins.
The thickness of the membrane is primarily determined by
the acyl chain properties of the lipids, with longer, saturated
chains forming thicker membranes. When the hydrophobic
transmembrane segment of a protein does not match the
hydrophobic thickness of the membrane, a so-called hydrophobic
mismatch will occur. To compensate for such hydrophobic
mismatches, lipids with matching chain lengths will preferentially
surround the transmembrane segment causing local variations
in the lateral distribution of lipids. Also, the protein can
adapt its orientation or conformation to match the thickness
(de Planque et al, 2001), or even undergo aggregation to
minimize the mismatch. Hydrophobic matching has therefore
been proposed as a mechanism that drives self-assembly of
domains consisting of transmembrane proteins and lipids
with similar hydrophobic length (Mouritsen and Bloom,
1984; Anderson and Jacobson, 2002). Indeed, computational
simulations and experimental analysis in model membranes
and cells indicate that hydrophobic matching could promote
the lateral segregation of proteins and lipids which is further
modulated by cholesterol (Kaiser et al, 2011; Diaz-Rohrer
et al, 2014). The mattress model by Mouritsen and Bloom
(1984) proposes that hydrophobic mismatch promotes lateral
segregation in the membrane such that lipids and proteins
self-organize in domains of similar hydrophobic thickness.
This has for instance been found to underlie the segregation
into functionally distinct membrane domains of two related
SNARE proteins, Syntaxin-1 and -4 (Milovanovic et al., 2015).
Whether such mechanisms underlie the compartmentalization of
postsynaptic transmembrane proteins has not been studied yet.

The concepts and models discussed here conceptualized many
of the observations on membrane organization in synthetic
and cellular membrane models. However, it is becoming
increasingly clear that these models are not universal and
the factors determining membrane heterogeneity are highly
interdependent (Bernardino de la Serna et al., 2016). Both fluidity
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and membrane thickness can lead to lateral heterogeneity in
the membrane. Particularly, in cellular membranes interactions
between lipids and membrane proteins seem dominant in
determining membrane domain formation. Thus, the nature
of membrane domains, i.e., their spatial dimensions and
lifetimes are likely to be highly dependent on the specific
subcellular composition of the membrane. Indeed, the current
goal of the field is to understand how the interplay between

the biophysical properties of lipids and membrane proteins
orchestrates membrane organization.

INTRINSIC DETERMINANTS OF
POSTSYNAPTIC MEMBRANE
ORGANIZATION

At excitatory synapses, the density of glutamate receptors
is a direct determinant of synaptic strength. Mechanisms
that control the retention and positioning of receptors have
therefore gained tremendous interest. Scaffold proteins in the
PSD form a structural platform that anchor receptors via
intricate networks of protein-protein interactions. Nevertheless,
concepts in membrane biology pose a central role for the
intrinsic capacity of lipids to self-organize and form functional
membrane domains. In the following sections we discuss
how the unique composition of the postsynaptic membrane
suggests that synapses actively maintain and perhaps adjust this

composition to instruct the organization and function of synaptic
protein components.

Fluidity Controls Receptor Diffusion
Lipidomics studies consistently point out that the brain
and particularly synaptic membranes are enriched in both
cholesterol and PUFAs. How does this specific composition,
with high concentrations of lipids that have opposing effects
on lipid ordering and membrane fluidity, influence fluidity at
the postsynaptic membrane? Commonly, quantification of the
mobility of transmembrane proteins using fluorescence recovery
after photobleaching or single-molecule tracking approaches is
taken as an estimate of membrane fluidity. However, synaptic
membrane proteins are mostly either directly anchored to
scaffold proteins or are slowed down in their diffusion due to
the relative high density of proteins at the synapse (Li and
Blanpied, 2016; Li et al., 2016). In fact, the diffusion of even
small transmembrane proteins that are unable to bind synaptic
scaffolds is severely influenced by local, subsynaptic variations in
cytoplasmic protein density (Li and Blanpied, 2016). Measures
of protein mobility do therefore not directly report on the
fluidity or ordering of lipids within the membrane itself but
are the result of a complex interplay of many different factors.
Nevertheless, single-molecule tracking studies showed that even
the diffusion rates of fluorescently labeled lipids that are not
specifically enriched at synaptic sites are significantly reduced
in the postsynaptic membranes compared to extrasynaptic
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regions (Renner M. L. et al, 2009). However, more direct
measures of membrane fluidity using for instance environment-
sensitive dyes would be of interest. As an alternative, recently
developed computational approaches now allow investigation of
the dynamic interplay between lipids and membrane proteins
at high spatiotemporal resolution (Ingdlfsson et al, 2016).
In particular, coarse-grained molecular dynamics simulations
allow accurate predictions of how mixtures of lipid species are
organized. In a recently developed model of a “brain-like plasma
membrane” it was found that while the high concentration of
cholesterol leads to an overall increase in acyl chain ordering,
the fluidizing effect of high levels of tail unsaturation appears to
balance this out (Ingolfsson et al., 2017). Interestingly, however,
the extent of ordering in the case of brain membranes was
unequally divided over the inner and outer membrane leaflets,
with the brain membrane showing distinctively more ordering in
the outer leaflet. Also, diffusion rates of lipids were on average
40% lower in brain membranes. Comparable to earlier models
of cellular membranes, considerable heterogeneity in the lateral
distribution of lipids was found, with more but smaller and more
transient cholesterol domains in the brain membrane. These
simulations thus provide an unprecedented high-resolution
snapshot of how the plasma membrane of neurons could be
organized, and it will be of interest to expand these models to
test how the high molecular density of integral and membrane-
associated proteins at the synapse will influence and interact with
this specific composition of lipids.

Synapses Have Raft Properties

The enrichment of cholesterol and sphingolipids at synaptic
membranes and the computational simulations suggest that the
postsynaptic membrane could have confined regions reminiscent
of lipid rafts. Indeed, DRMs isolated from whole brain contain
key components of excitatory synapses, most notably PSD-95,
as well as glutamate receptors and interacting proteins (Perez
and Bredt, 1998; Briickner et al., 1999; Suzuki et al., 2001, 2011;
Hering et al., 2003; Ma et al., 2003; Besshoh et al., 2005; Hou
et al., 2008; Delint-Ramirez et al., 2010). Moreover, rafts can be
isolated from synaptic membrane fractions (Suzuki et al., 2001,
2011; Besshoh et al., 2005) and ChTx (cholera toxin) labeling
overlaps with PSD-95 staining, indicating the presence of raft-
like structures at the PSD (Perez and Bredt, 1998; Briickner
et al,, 1999; Suzuki et al., 2001; Hering et al., 2003; Hou et al,,
2008). At the ultrastructural level, electron cryotomography
showed that GM1-positive raft-like membranes were frequently
found associated, preferentially with adult PSDs (Suzuki et al.,
2001; Besshoh et al., 2005; Swulius et al., 2012), consistent with
the developmental increase in raft-promoting lipids at synaptic
membranes (Tulodziecka et al., 2016). Further, immuno-EM
studies demonstrated the presence of raft markers such as flotilins
at the PSD (Suzuki, 2002; Hering et al., 2003), that were also
shown to interact with NMDAR subunits (Swanwick et al., 2009).
All these data thus suggest that raft-like domains exist within the
postsynaptic membrane, perhaps compartmentalizing specific
receptor complexes (Perez and Bredt, 1998; Briickner et al., 1999;
Suzuki et al., 2001; Hering et al., 2003; Allen et al., 2007; Hou et al.,
2008). Indeed, PSD-95-NMDAR complexes isolated from raft

fractions were enriched in a different complement of signaling
molecules than those isolated from PSD or soluble fractions
(Delint-Ramirez et al., 2010). The association of NMDARs with
raft vs. non-raft domains has been shown to be regulated
for instance during spatial memory formation (Delint-Ramirez
et al., 2008) and ischemia (Besshoh et al., 2005) indicating that
the association of synaptic receptors with specific membrane
domains can be dynamic and regulated by synaptic activity.

Thus, although lipid raft characterization relies on
biochemical procedures that may occlude investigation of
more complex membrane dynamics, evidence gathered through
these and other experimental means clearly points toward the
existence of a heterogeneous distribution of different components
in the postsynaptic membrane. However, it remains difficult to
assess how individual lipid types contribute to this heterogeneity.
In large part this is difficult because the behavior of individual
lipids is highly dependent on the environment. For example,
while PUFAs might form disordered membrane domains, they
could also contribute to stabilize ordered membrane domains
(Wassall and Stillwell, 2009; Levental et al., 2016). Additionally,
the interactions of lipids with proteins provide an extra layer
of complexity that could underlie the lateral distribution of
postsynaptic membrane components.

Lipids Modulate Synaptic Transmission

Consistent with the notion that lipid rafts are important
for regulating NMDAR function, interfering with membrane
cholesterol levels was shown to perturb NMDAR-dependent
calcium responses as well as LTP (Koudinov and Koudinova,
2001; Frank et al, 2004, 2008; Kotti et al., 2006; Maggo and
Ashton, 2014; Guo et al.,, 2021). More specifically, cholesterol
depletion was reported to decrease the open probability of
NMDARs and reduce the fraction of synaptic immobile
NMDARs (Korinek et al., 2015, 2020). Furthermore, cholesterol
reduction increased basal internalization of AMPARs (Hering
et al., 2003) and the mobility of slow diffusing molecules within
the synapse (Renner M. et al., 2009). In addition, treatment with
statins (inhibitors of cholesterol synthesis) impaired recognition
and working memory (Maggo and Ashton, 2014; Guo et al,
2021). Cholesterol replenishment could rescue impaired LTD
resulting from cholesterol loss in aged mice, also improving
hippocampal learning and memory (Ledesma et al., 2012;
Martin et al., 2014). On the contrary, other studies reported
enhancement of LTP and hippocampal-dependent learning and
memory after cholesterol reduction, while adding cholesterol
impaired LTP (Li et al., 2006; Mans et al., 2010; Brachet et al,,
2015). These conflicting results could be explained by a dose-
dependent effect of cholesterol (Baytan et al., 2008; Wang and
Zheng, 2015). To untangle these effects, several studies have
looked at it from a different perspective: what influence does
glutamatergic synaptic transmission have on cholesterol levels?
Stimulation of glutamatergic transmission was found to induce
a loss of cholesterol from synaptic membranes and recruitment
of CYP46A1 - an enzyme responsible for cholesterol removal -
to the synaptic plasma membrane (Sodero et al., 2012; Brachet
et al., 2015; Mitroi et al., 2019). Taken together, these findings
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highlight the dynamic interplay between cholesterol levels and
glutamatergic transmission.

Long-chain PUFAs, particularly DHA, are also found to
be enriched in synapses and could play an important role
in compartmentalizing the membrane and thereby influencing
synaptic transmission. The addition of exogenous DHA to
dissociated neuronal cultures was found to enhance spontaneous
glutamatergic synaptic activity and promote NMDAR function
(Nishikawa et al., 1994; Cao et al., 2009). Furthermore, the protein
levels of both AMPAR and NMDAR subunits were higher in
the DHA-supplemented cultures (Cao et al., 2009). However,
DHA-treatment has been linked to variable effects on synaptic
plasticity on brain slices. Exogenous DHA supplementation leads
to facilitated LTP in the corticostriatal pathway (Mazzocchi-
Jones, 2015) whereas LTP and LTD in the CA1 region were found
to be impaired (Young et al,, 1998; Mirnikjoo et al., 2001) or
unaffected (Fujita et al., 2001; Mazzocchi-Jones, 2015). Some of
the discrepancies might arise from region-dependent effects of
DHA on synaptic plasticity. In the CA1 region LTP was inhibited
whereas in the dentate gyrus there was no effect on LTP after
intracerebroventricular injection of DHA (Itokazu et al., 2000).
Interestingly, dietary supplementation or deprivation has proven
to be an effective method of manipulating DHA levels. The
importance of DHA for synaptic plasticity has been found both
in young mice, where maternal dietary deprivation of DHA leads
to inhibited induction of LTP (Cao et al., 2009), as well as in
old rats, where the age-related impairment of LTP is restored
by a DHA-supplemented diet (McGahon et al., 1999). Although
the variety of results found could be a result of the different
experimental paradigms used, it is apparent that DHA plays
an important role in modulating cognitive functions. This is
highlighted also from the finding that DHA deficiency results
in affected spatial learning whereas the fat-1 transgenic mouse,
producing high DHA levels, shows improved spatial learning
(Fedorova et al., 2007; He et al., 2009). Lastly, it is important
to note that apart from the structural role these lipids can play
in membranes, cholesterol (through its metabolites) and PUFAs
also have roles as signaling intermediates (Bazinet and Layé, 2014;
Petrov et al.,, 2016). Therefore, although it cannot be concluded
from these studies that modulating either cholesterol or PUFA
levels solely influences membrane organization, these findings
underscore the importance of synaptic membrane composition
for neuronal function.

ADDITIONAL LAYERS CONTRIBUTING
TO MEMBRANE ORGANIZATION:
EXTRINSIC FACTORS

The intrinsic properties of lipids are likely to contribute
to membrane organization, but in cellular membranes
extrinsic factors add an additional layer of complexity. For
instance, interactions with the underlying actin cytoskeleton,
oligomerization of membrane proteins or immobilized,
membrane-associated protein scaffolds can greatly impact
domain formation in the membrane (Kusumi et al., 1993;
Fujiwara et al., 2002; Tulodziecka et al., 2016). Particularly at

the PSD, that contains a high density of transmembrane and
membrane-associated proteins, reciprocal interactions between
lipid species and proteins are likely to influence postsynaptic
membrane organization.

Post-translational Lipid Modifications

In addition to hydrophobic structures in proteins, covalent
binding of lipidic moieties can mediate the membrane
association of proteins (Figure 2). These lipid modifications can
be irreversibly added during translation or can be reversibly
attached post-translationally by several enzymes [reviewed in
detail in Magee and Seabra (2005), Hentschel et al. (2016),
Resh (2016)]. Examples of irreversible lipid modifications
include myristoylation and prenylation where myristoyl
and prenyl groups are attached, respectively. On the other
hand, the binding of a GPI anchor or palmitate group are
reversible modifications that allow dynamic regulation of
protein localization. Many proteins located in the PSD (either
transmembrane or membrane-bound) present reversible lipid
modifications that can be regulated by activity, incorporating
another layer of control of synaptic function. The role of protein
palmitoylation in synaptic plasticity is covered more extensively
in the following reviews: Fukata et al. (2016), Ji and Skup (2021).

The saturated nature of the lipophilic palmitate group is
thought to contribute to the association of palmitoylated proteins
with ordered membrane domains. In fact, it has been shown
that palmitoylation is essential for partitioning of transmembrane
proteins to the ordered domain of GPMVs (Levental et al., 2010;
Lorent et al., 2017). Several synaptic receptors are palmitoylated.
For instance, different AMPAR subunits are palmitoylated at
specific sites (Hayashi et al, 2005). Beyond establishing a
quality check-point for protein surface expression, this lipid
modification is shown to be a regulated activity-dependent
process that controls AMPAR trafficking and recycling (Greaves
and Chamberlain, 2007; Yang et al, 2009). Also, NMDAR
subunits undergo palmitoylation, influencing their trafficking
and stabilization at the synaptic plasma membrane (Hayashi et al.,
2009). Nevertheless, it is worth noting that while palmitoylation
generally promotes the partitioning of transmembrane proteins
into ordered membrane regions, it is not strictly necessary nor
sufficient in all cases. For example, the transferrin receptor, a
canonical non-raft marker, is palmitoylated at two residues, and
the raft reporter caveolin is present in detergent resistant fractions
even when its palmitoylation residues are mutated (Alvarez et al.,
1990; Dietzen et al., 1995).

For cytosolic proteins, palmitoylation mediates the efficient
and dynamic translocation to the membrane. A prominent
example is the protein AKAP79, which undergoes dynamic,
activity-regulated palmitoylation (Keith et al., 2012; Woolfrey
et al,, 2015). Interestingly, palmitoylation of AKAP79 is required
for its recruitment to dendritic spines and contributes to its
stabilization in membranes through association with lipid rafts,
which occurs only when it is palmitoylated (Delint-Ramirez et al.,
2011; Keith et al., 2012; Purkey et al., 2018). Additionally, the
main organizer of PSD architecture, PSD-95, is also anchored
to the membrane through palmitoylation of two residues
(Topinka and Bredt, 1998; Craven et al., 1999; El-Husseini et al.,
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2000). Interestingly, Tulodziecka et al. (2016), using biochemical
approaches and lipidome analysis of synaptosomal membrane
fractions, revealed a developmentally regulated increase in PSD-
95 palmitoylation, which is accompanied by an enrichment of
domain-promoting lipid species. Thus, while it is clear that
palmitoylation controls membrane targeting of key synaptic
components, it is plausible that palmitoylation also serves as
a nucleation platform for defined lipids. As such, insertion
of palmitoylated proteins such as PSD-95, could facilitate the
segregation of protein/lipid nanodomains that contribute to the
subsynaptic organization of the PSD. In line with this notion,
the use of a specific intrabody recognizing palmitoylated PSD-
95 in combination with STED microscopy revealed subsynaptic
nanodomains of palmitoylated PSD-95 (Fukata et al, 2013).
Additionally, PSD-95 palmitoylation regulates its conformation
and orientation at the PSD, subsynaptic organization, as well
as AMPAR clustering and surface expression at synapses (El-
Husseini et al., 2002; Tsutsumi et al., 2008; Fukata et al., 2013;
Jeyifous et al., 2016; Yokoi et al., 2016), ultimately controlling
synaptic strength.

Although palmitoylation regulates trafficking and membrane
targeting of synaptic proteins, its dynamic nature could thus
also contribute to regulate the nanoscale distribution of synaptic
proteins. Although further experiments are required to elucidate
this point, it is tempting to speculate that palmitoyl residues
contribute to this subsynaptic organization through interactions
with defined membrane regions.

Protein-Lipid Interactions

Several models of membrane organization include the role of
cortical actin in membrane organization (Kusumi et al., 1993;
Fujiwara et al., 2002). In particular, the picket-fence model poses
that certain actin-linked transmembrane proteins act as “pickets”
and hinder diffusion of phospholipids to the next compartment
(Figure 2). Even though the actin cytoskeleton is absent from
the PSD, it is still one of the major constituents of spines and
greatly influences spine morphogenesis and architecture, having
a crucial role in neuronal function (Sidenstein et al., 2016;
Basu and Lamprecht, 2018). Using single-molecule tracking of
a lipid-bound protein Renner M. L. et al. (2009) revealed that
actin depolymerization increases diffusion rates of the probe
indicating that the actin cytoskeleton could hinder the diffusion
of membrane proteins in spines.

Interestingly, several receptors have been reported to contain
specific recognition domains for cholesterol and sphingolipids
that could be involved in concentrating these receptors in specific
lipid domains (Hanson et al., 2008; Jafurulla et al., 2017). For
example, mGluR1 is recruited to lipid rafts through a cholesterol
recognition/interaction amino acid consensus (CRAC) motif.
This recruitment is enhanced upon agonist activation of the
receptor, and mutations that reduce mGluR1 affinity for lipid
rafts as well as alterations in cholesterol content have a direct
effect in the regulation of the agonist-dependent activation
of downstream pathways (Kumari et al., 2013). Nevertheless,
it is worth noting that although these motifs are present in
integral membrane proteins, there is inconclusive evidence to
support their necessity or sufficiency for cholesterol binding.

Although later efforts have focused on defining a structure-
based cholesterol-binding pocket consensus (Marlow et al,
2021), cholesterol and sphingolipids can also interact with
membrane-associated proteins and receptors that lack such
specific binding motifs. Such lipid-protein interactions could
then form a so-called “lipid shell,” allowing proteins to segregate
into defined domains (Anderson and Jacobson, 2002; Fantini
and Barrantes, 2009). Interestingly, recent structural studies
of AMPARs in complex with CNIH2, but not with CNIH3,
presented the acyl chains of two lipids penetrating the CNIH-
binding site. Therefore, by extending the hydrophobic network
and preventing a closer CNIH2-AMPAR interaction, membrane
lipids could contribute to regulate receptor function (Zhang
et al., 2021). In addition to binding to their specific scaffold
proteins, these receptor-specific properties and their interaction
with defined PSD membrane regions could also contribute to the
segregation of AMPA- and NMDARs on distinct nanodomains
within the PSD (Goncalves et al., 2020; Li et al., 2021).

TECHNICAL ADVANCES AND
CHALLENGES TO STUDY LIPID
ORGANIZATION IN THE SYNAPTIC
PLASMA MEMBRANE

The precise organization of different lipid species within the
postsynaptic membrane remains largely elusive. This lack of
understanding predominantly arises from the lack of adequate
tools to study the integrity and lateral heterogeneity of biological
membranes in their native state (Jacobson et al, 2007).
Nevertheless, new tools continue to be developed to bridge this
knowledge gap (Muro et al., 2014; Sezgin et al., 2017) and it
will be exciting to see the application of these tools to study the
synaptic membrane.

Recent advances in lipidomics methods allow studying the
composition of different neuronal compartments in greater
detail, including the synaptic plasma membrane (Iuliano
et al., 2021). However, while detailed lipidomic characterization
provides a general picture of membrane composition (Aureli
et al, 2015; Fitzner et al, 2020), it does not reveal the
heterogeneity and dynamics of the lateral order of lipids in
the membrane. Nevertheless, these studies provide important
insights and can be currently combined with in silico analysis
and databases to analyze protein-membrane interactions to
provide further insights into the molecular dynamics at specific
membranes (Ingolfsson et al,, 2017; Mohamed et al, 2019
Hernéndez-Adame et al., 2021).

Major advances and efforts have been developed in recent
years to directly visualize different lipid species and determine
their precise localization and organization. For an in-depth
review and overview of fluorescent lipid probes, we refer to
Klymchenko and Kreder (2014). A major difficulty in visualizing
lipids with fluorescence microscopy arises from the fact that
fluorophores are often almost the size of the lipid molecule itself.
The addition of such fluorophores could therefore influence the
behavior of the lipid and alter its specific amphiphilic properties

Frontiers in Synaptic Neuroscience | www.frontiersin.org

November 2021 | Volume 13 | Article 790773


https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles

Westra et al.

Postsynaptic Membrane Organization

thereby changing its dynamics. One strategy to circumvent this
caveat is to label the head group of the lipid with a fluorophore
through the addition of a linker to prevent interaction with
the surrounding headgroups (Kinoshita et al., 2017; Mobarak
et al., 2018). Such newly developed fluorescent lipid analogs
combined with super-resolution imaging (e.g., STED-FCS),
single-molecule tracking, and expansion microscopy allow the
study of membrane organization at high spatial resolution (Lenne
etal., 2006; Eggeling et al., 2009; Mizuno et al., 2011; Klymchenko
and Kreder, 2014; Komura et al., 2016; Gotz et al.,, 2020; Sun
et al,, 2021). Alternatively, reporters that bind to specific lipids
can also be used. However, such probes can influence the
native membrane organization. For example ChTx, that can
bind up to five GM1 gangliosides and thereby could induce
cluster formation (Day and Kenworthy, 2015). In the case of
cholesterol, filipin is widely used for visualization, but requires
fixation because the dye permeabilizes membranes (Behnke
et al, 1984). An alternative solution relies on the use of a
single domain (D4) from a cholesterol-binding toxin, being
sufficient for the binding of cholesterol and use as a sensor for
cholesterol in live cells without perturbing its native behavior
(Maekawa, 2017).

Single-molecule tracking studies have proven to be a
powerful approach in studying the dynamic behavior of
lipids and transmembrane proteins in synapses (Choquet
and Triller, 2013) and revealed for instance the dynamic
exchange of receptors in and out of synapses. Single-molecule
trajectories also provide spatial information on the local,
temporal confinement of transmembrane proteins, defined as
regions where molecules are retained longer than expected
from a Brownian moving molecule (Saxton, 1993; Simson
et al, 1995), that could indicate the presence of membrane
domains. A particularly powerful approach to study the dynamic
behavior of lipids is high-speed (up to 25-lLs intervals) single-
molecule tracking of lipids coupled to photostable dyes. This
can reveal temporal subdiffusive behavior and confinement of
lipids and membrane proteins that are not observed at typical,
slower frame rates (20-30-ms intervals; Fujiwara et al., 2002).
Such studies revealed for instance that at these time scales
most lipid species and transmembrane proteins undergo short-
term confinement in nanoscale compartments and longer-term
“hop” movements to adjacent compartments, a phenomenon
referred to as “hop diffusion” (Fujiwara et al., 2002; Kusumi
et al, 2010). These compartments have been related to the
picket-fence model where lipids and transmembrane proteins
“hop” from compartments fenced by cortical actin segments
(Fujiwara et al., 2016).

The wuse of environment-sensitive dyes (Danylchuk
et al, 2020) allows the study of membrane ordering.
These lipophilic dyes have a different emission spectrum
dependent on their localization in a more ordered or
disordered phase of the membrane. Interestingly, a recent
study made it even possible to image lipid order at the
nanoscale using the photoswitchable solvatochromic probe
NR4A in combination with super-resolution microscopy
(Danylchuk et al, 2019). However, some of these probes
are derived from voltage-sensitive probes, and could thus

behave differently in the excitable membranes of neurons
(Obaid et al., 2004).

Finally, a direct test of how individual lipids contribute to
membrane organization or functioning in living cells is still
lacking. Specific modulation of the composition of cellular
membranes cannot be achieved with common pharmacological
treatments. Therefore, there is still a void in molecular tools
to locally and temporally manipulate membrane composition
without affecting downstream pathways. Optical manipulation
of lipid biosynthesis might be an interesting future direction
to manipulate lipid levels with high spatiotemporal precision
(Kol et al., 2019).

Altogether, it is increasingly clear that although recent
technical developments provide great insight, a combination
of tools and approaches is still required to define the precise
lipid composition and organization at the nanoscale in the
synaptic membrane.

CONCLUSION AND FUTURE
DIRECTIONS

The lateral distribution of lipids and proteins in the plasma
membrane is highly heterogeneous and is organized as a dynamic
patchwork with specific components concentrated in domains
that vary largely in size and lifetime. The unique intrinsic
composition of the synaptic membrane, as well as the specific
spatial distribution of lipids, is predicted to contribute to the
formation of specialized nanodomains within the postsynaptic
membrane. It will thus be important to understand how
lipid and protein components of the postsynaptic plasma
membrane interact to contribute to the organization and
function of synapses.

Different approaches have been used to characterize the
lipid composition of the synaptic plasma membrane. Through
isolation of enriched synaptic plasma membrane fractions
important observations have been made. In particular,
it is evident that the synaptic membrane is enriched in
cholesterol and PUFAs and that its composition evolves
during development. However, the dynamic nature and lateral
heterogeneity of the membrane precludes drawing the complete
picture. Therefore, development of new tools is required
to provide a better understanding of the organization of
the synaptic plasma membrane and how it is modulated by
neuronal activity. Importantly, information can be gathered
not only on a descriptive level, but also through finer tools to
manipulate membrane composition in a spatial and temporally
regulated manner.

Another interesting notion is the cooperative nature
of protein-lipid interactions. Although synapses have raft
properties and general concepts for membrane organization
seem to be true for the synaptic membrane, the high abundance
of proteins within the synapse makes it a unique structure. Thus,
generalizing models of membrane organization and imposing
these on how synapses are organized is not straightforward.
Nevertheless, while protein-protein domain nucleation
undoubtedly plays an important instructive role in shaping
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the nanoscale architecture of synapses, the interaction of proteins
with lipids in the surrounding membrane is likely modulating
this nanoarchitecture. This is particularly relevant for proteins
containing lipid interacting domains as well as post-translational
lipid modifications. The challenge is thus to not only consider
protein- and lipid-driven lateral organization as mutually
exclusive mechanisms, but to investigate the concerted actions
of proteins and lipids in generating the functional heterogeneity
of the postsynaptic membrane. However, determining the
contribution of lipids to synaptic organization remains a
considerable challenge. One important consideration is that
lipids can have a dual role, both as structural organizers of
membrane domains and as signaling molecules. In fact, lipid
signaling greatly contributes to neuronal function (Dotti et al.,
2014), directing both intracellular transport of vesicles as well as
controlling targeting or activation of key enzymes. For example,
lysophospholipid-triggered signaling controls excitatory and
inhibitory postsynaptic currents through defined presynaptic and
postsynaptic mechanisms, respectively (Garcia-Morales et al.,
2015). Thus, altered synaptic function as a result of experimental
lipid composition manipulations, could arise from effects on
membrane organization, but could also be an indirect effect
of disrupted signaling. Designing novel experimental tools to
specifically delineate these entangled functions of lipids in
synaptic signaling is a formidable task. Nevertheless, the rapid
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The function of the neuronal synapse depends on the dynamics and interactions of
individual molecules at the nanoscale. With the development of single-molecule super-
resolution microscopy over the last decades, researchers now have a powerful and
versatile imaging tool for mapping the molecular mechanisms behind the biological
function. However, imaging of thicker samples, such as mammalian cells and tissue,
in all three dimensions is still challenging due to increased fluorescence background
and imaging volumes. The combination of single-molecule imaging with light sheet
illumination is an emerging approach that allows for imaging of biological samples with
reduced fluorescence background, photobleaching, and photodamage. In this review,
we first present a brief overview of light sheet illumination and previous super-resolution
techniques used for imaging of neurons and synapses. We then provide an in-depth
technical review of the fundamental concepts and the current state of the art in the fields
of three-dimensional single-molecule tracking and super-resolution imaging with light
sheet illumination. We review how light sheet illumination can improve single-molecule
tracking and super-resolution imaging in individual neurons and synapses, and we
discuss emerging perspectives and new innovations that have the potential to enable
and improve single-molecule imaging in brain tissue.

Keywords: 3D single-molecule imaging, super-resolution microscopy, light sheet illumination, point spread
function engineering, neuronal synapses

INTRODUCTION

Neurons are the specialized units of the nervous system that communicate via the release of
chemical neurotransmitters at the junctions, or synapses, between them (for reviews, see e.g.,
Guillery, 2005; Yuste, 2015; Figure 1). Given that neurons and synapses are intricate and that the
width of the synaptic cleft is on the order of tens of nanometers, advanced techniques are needed to
image and understand their architecture and molecular dynamics at the nanoscale.
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FIGURE 1 | Schematic showing the different components and length scales
involved in neuronal and synaptic imaging demonstrating the importance of
super-resolution techniques for resolving these structures.

Early methods of studying neuronal tissues include electron
microscopy (EM), which was used to directly visualize the
synapse. EM studies allowed measurements of the synaptic
cleft (De Robertis and Bennett, 1955; Palay and Palade,
1955), and discoveries of other distinct features of neuronal
communication, such as the accumulation of synaptic vesicles
(SVs) at presynaptic terminals (De Robertis and Bennett,
1954; Palade, 1954). This discovery in combination with the
hypothesis of neurotransmitter release (Del Castillo and Katz,
1954) eventually led to the conclusion that synaptic vesicles
were the mechanism by which neurotransmitters were stored
and released across the synapse (De Robertis et al., 1963).
Hence, with the dawn of EM came the ability to investigate
the sub-cellular organization of synapses at exquisite spatial
resolution (for reviews, see e.g., Siksou et al, 2009; Harris
and Weinberg, 2012). However, EM is limited in its ability to
study molecular assembly and mechanisms because of restricted
labeling specificity, poor temporal resolution, and the necessity
to work with dead samples.

Fluorescence microscopy, on the other hand, offers the
benefits of very specific labeling, excellent temporal resolution,
and the ability to study live samples. However, due to the
diffraction limit imposed by the finite wavelength of light,
conventional optical microscopy has been inherently limited
in its ability to resolve cellular nanoscale structures (Abbe,
1873). This issue was overcome by the invention of super-
resolution (SR) fluorescence microscopy over a decade ago and
marked an important milestone in imaging technology, which
was recognized with the Nobel Prize in Chemistry 2014 to
W. E. Moerner (Moerner, 2015), Eric Betzig (Betzig, 2015), and
Stefan Hell (Hell, 2015). Since its invention, SR microscopy has
paved the way for detailed studies of synaptic architecture and
its molecular mechanisms and dynamics. An emerging approach
that shows great promise for imaging in biological samples
and has recently been implemented for single-molecule tracking
and SR imaging is light sheet illumination (for reviews, see
e.g., Power and Huisken, 2017; Gustavsson et al., 2018b). After
introducing light sheet illumination and a comparison with other

conventional illumination strategies, we will briefly review the
history and application of deterministic optical SR techniques for
neuronal imaging, as well as the fundamentals and applications
of single-molecule tracking and SR imaging in 2D and 3D.
We will then discuss light sheet illumination’s impact on the
improvement of these techniques and its relevance to studies of
neurons and synapses. We will conclude with some emerging
perspectives that have the possibility to further improve these
methods and lead to new discoveries about the function of
synapses at the molecular level.

LIGHT SHEET ILLUMINATION FOR
OPTICAL SECTIONING IN THICK
SAMPLES

Light sheet fluorescence microscopy (LSFM), also known as
selective plane illumination microscopy (SPIM), is a wide-field
method where the sample is illuminated with a thin sheet of light
introduced perpendicular to the detection axis (Huisken et al.,
2004). This method optically sections the sample and excites
fluorophores only in a thin slice around the image plane. This
results in reduced fluorescence background, photobleaching, and
photodamage, which makes LSFM a great option for imaging of
thick and sensitive samples.

The idea of implementing a sheet of light as an illumination
mechanism was initially presented in 1902 (Siedentopf and
Zsigmondy, 1902), where sunlight projected through a slit
aperture was utilized to observe gold nanoparticles. Light
sheet illumination then became a powerful contribution to the
scientific community in the 1990s when it was combined with
fluorescence microscopy, as it allowed researchers to image
biological processes in 3D. Specifically, a form of LSFM called
orthogonal-plane fluorescence optical sectioning (OPFOS; Voie
et al., 1993) was the first to use a cylindrical lens to create
a light sheet and was developed to image the internal 3D
architecture of the cochlea. Another form of LSFM, a thin light-
sheet microscope (TLSM), was developed to aid oceanographers
in observing aquatic microbes (Fuchs et al., 2002) before the
subsequent development of the updated design SPIM (Huisken
et al, 2004). SPIM was originally developed to allow for
non-invasive imaging of live embryos where the sample could be
rotated for the sequential acquisition of multiple views (Huisken
et al., 2004). Since then, light sheet technologies have advanced
rapidly to achieve enhanced image quality, axial resolution, field-
of-view (FOV) size, and acquisition rates (for a review, see
e.g., Gustavsson et al., 2018b), and LSFM has become the gold
standard for 3D and 4D imaging of developmental processes and
live species behavior (for reviews, see e.g., Huisken and Stainier,
2009; Santi, 2011; Power and Huisken, 2017).

Light sheet illumination has several benefits over more
conventional illumination strategies. One of the most commonly
used illumination strategies for fluorescence imaging is
wide-field epi-illumination, where the entire sample is
illuminated at once and the fluorescence light is detected
through the same objective as is used for illuminating the
sample. Although straightforward to implement, this approach
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results in increased fluorescence background due to excitation
of fluorophores away from the image plane, greater risk of
premature photobleaching of fluorophores, and increased risk
of photodamaging sensitive live samples. These factors are also
critical when it comes to single-molecule imaging: the increased
background leads to reduced precision in localizing single
molecules, and the premature photobleaching of fluorophores
outside of the current detection volume reduces the density of
localizations, which effectively reduces the achievable resolution
in the reconstruction. We will discuss these considerations in
more detail in later sections.

Confocal microscopy is another commonly used approach
for fluorescence imaging that provides background reduction
through the use of a pinhole that blocks light originating from
planes away from the image plane. However, its point-scanning
nature makes it a much slower approach than wide-field
alternatives. The speed of the acquisition can be improved using
spinning disk confocal imaging, where the confocal concept is
parallelized using an array of pinholes on a rotating disk. This
approach has been used together with single-molecule imaging
(Hosny et al., 2013; Chen X. et al, 2015). Even though the
light is only detected near the image plane, the excitation light
still passes through the entire sample both in conventional
confocal and spinning disk confocal microscopy, which increases
the risk of photobleaching and photodamage. The issue with
premature photobleaching of fluorophores outside of the current
detection volume has been mitigated by pairing spinning disk
confocal imaging with DNA-PAINT (Schueder et al., 2017),
where fluorophores are continuously replenished from a large,
diffusing pool. However, both the excitation intensity and the
detection efficiency can be limited by the disk, which reduces the
localization precision for single-molecule imaging.

Total internal reflection fluorescence (TIRF) microscopy,
also known as evanescent wave microscopy, is a wide-field
approach that exploits the evanescent wave resulting from a
laser beam that is totally internally reflected at the interface
between the coverslip and the sample (Axelrod, 2001). The
evanescent wave reaches a few hundred nanometers into the
sample and thus TIRF provides exquisite optical sectioning
with very low fluorescence background, photobleaching, and
photodamage. TIRF has therefore been used extensively for
single-molecule imaging (Bates et al, 2007; Shroff et al,
2007). However, it is limited to imaging very close to the
coverslip and cannot be used for imaging deeper into the
sample. In comparison, the optical sectioning capability of LSFM
efficiently reduces the issues of high background fluorescence,
photobleaching, and photodamage that are problematic in the
other illumination strategies. LSFM is also a wide-field technique
that is compatible with volumetric imaging of thick samples away
from the coverslip.

For these reasons, LSFM has successfully been used
for numerous applications in large-scale imaging, including
imaging of the brain (for a review, see e.g., Corsetti et al,
2019). Specifically, LSFM has been applied to large neuronal
populations such as those of the vomeronasal organ of the
mouse (Holekamp et al., 2008) and to whole-brain imaging in
mice (Dodt et al., 2007; Mertz and Kim, 2010), rats (Stefaniuk

et al.,, 2016), songbirds (Rocha et al, 2019), and in zebrafish
larvae to detect rapid changes in neural activity (Ahrens et al.,
2013; Panier et al.,, 2013; Vladimirov et al, 2014; Park et al,
2015; Quirin et al., 2016; Greer and Holy, 2019). LSFM has
also been improved to enable fast imaging of transient events
in rat dendritic tissue (Haslehurst et al., 2018), to investigate
the arrangement of human neural aggregates and their Ca®*
oscillations (Gualda et al., 2014), to study the interaction
between sensory neurons and Schwann cells during neurotrauma
(Xiao et al., 2015), and for functional volumetric imaging of
hippocampal neurons in a 3D culture system (Chen et al,
2019). LSFM has also been paired with deep neural networks
for imaging neurons in transgenic mouse brains (Zhao et al,
2020).

Overall, LSFM serves a very important role in imaging the
brain as our understanding of the interactions among large
neural networks depends upon the communication of multiple
neurons across vast areas. Furthermore, LSFM provides the
gentle illumination required for live-cell imaging and therefore,
when combined with single-particle tracking (SPT) and single-
molecule SR methods, offers great potential to study structures
and interactions in synapses at the nanoscale. In the following
sections, different SPT and SR methods will be described, in
addition to the ways in which they can be improved by pairing
with LSFM.

DETERMINISTIC SUPER-RESOLUTION
TECHNIQUES AND THEIR APPLICATIONS
IN NEURONAL AND SYNAPTIC IMAGING

There are two major groups of optical SR methods: stochastic
and deterministic. We will discuss stochastic methods relying
on single-molecule localization in some detail in the later
sections. In deterministic SR imaging, knowledge of the spatial
distribution of the excitation light is utilized in combination with
the non-linear response of fluorophores to excitation as a means
to circumvent the diffraction limit.

Stimulated emission depletion (STED) microscopy is an
SR technique that utilizes a doughnut-shaped depletion laser
overlaid atop a confocal excitation spot to deplete fluorophores
in the periphery of the target region, effectively reducing
the extent of the confocal spot by stimulating transitions of
fluorophores from an excited singlet to the ground singlet
state (Hell and Wichmann, 1994; Sahl et al., 2017). For more
detailed information on STED microscopy, see e.g., Eggeling
et al. (2013), Hell (2015), and Blom and Widengren (2017).
STED has been used successfully for live-cell imaging, as
demonstrated in S. cerevisiae and E. coli over two decades ago
(Klar et al., 2000). STED has also been applied extensively
to study neurons and synapses. In one example, STED was
used to resolve individual vesicles in the synapse and confirm
that the vesicle membrane protein synaptotagmin I clusters
in patches on the presynaptic membrane independently of
nerve terminal stimulation (Willig et al., 2006). Furthermore,
two-color STED live-cell imaging was used to investigate the
ultrastructure of endogenous F-actin in hippocampal neurons
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and revealed a subcortical periodic actin lattice in both axons
and dendrites (D’Este et al., 2015). Live-cell STED imaging was
also used to image the structure and morphological plasticity
of dendritic spines in hippocampal samples and brain slices
(Nagerl et al, 2008; Teonnesen et al, 2011; Urban et al,
2011). More recently, STED microscopy has been utilized to
reveal activity-dependent enlargement in presynaptic boutons
and axon shafts (Chéreau et al, 2017). However, despite its
contributions to the field, STED is limited by its point-scanning
nature, which makes it non-ideal for imaging over larger fields
of view or for tracking of single-molecule dynamics. Given
the high-power densities needed, there is also an increased
risk for premature photobleaching and phototoxicity, which
potentially limits its use for live-cell imaging of sensitive
samples. Because absorption of biological material is minimal
in the far-red region, far-red emitting fluorescent proteins
have been used to mitigate the risk of photodamaging samples
during STED imaging of dendritic spines (Wegner et al,
2017). However, such fluorescent proteins typically display
lower photostability and quantum yield relative to shorter
wavelength fluorescent proteins. The use of novel far-red
synthetic dyes, such as silicon rhodamines (SiR; Lukinavitius
et al,, 2013, 2014; D’Este et al., 2015), in combination with
Halo- or SNAP-tag labeling is another approach that holds
great promise to further improve imaging in live cells in
future STED studies. The issue of photobleaching was mitigated
with the development of a technique called super-resolution
shadow imaging (SUSHIL; Tonnesen et al, 2018). In this
method, extracellular fluid in the brain is fluorescently labeled
and imaged using 3D-STED, creating a negative image of
the structures to be studied and thus reducing the impact
of photobleaching. SUSHI is well-suited for visualizing the
structure of synapses since the synaptic clefts are full of
fluorescently labeled extracellular fluid (Hrabetova et al., 2018).
Even though SUSHI is limited in that it cannot resolve single-
molecule mechanisms or be used to study specific structures, it
can be combined with single-molecule localization approaches
to correlate structural context with molecular specificity (Inavalli
et al., 2019).

Reversible saturable optical fluorescence transitions
(RESOLFT) microscopy is a more general term for techniques
which make use of photoswitchable molecules and various
types of on and off states together with inhomogeneous
illumination (Schwentker et al., 2007). STED is one example
within the RESOLFT concept, but other RESOLFT methods
utilize switching between other types of states, such as an excited
singlet and dark triplet states, where lower laser intensities
are sufficient for switching. These other methods within the
RESOLFT concept can thus be gentler for live-cell imaging. For
example, RESOLFT has been used to image dendritic spines with
low light intensities in 2D in living brain slices (Testa et al., 2012)
and in 3D together with the imaging of the postsynaptic protein
Homerl in cultured neurons (Bodén et al., 2021). A variation
of RESOLFT called molecular nanoscale live imaging with
sectioning ability (MoNaLISA) allows intrinsic optical sectioning
of large samples and has been demonstrated for imaging in living
neurons and brain tissue (Masullo et al., 2018).

Another method that utilizes knowledge of the spatial
distribution of the excitation illumination to circumvent the
diffraction limit is structured illumination microscopy (SIM),
where the effective lateral resolution is improved over the
classical diffraction limit by a factor of two (Gustafsson, 2000).
Because SIM requires relatively low excitation intensities, it
is gentle and thus favorable for live-cell imaging. It is also
compatible with multi-color imaging. Since it is a wide-field
technique, in contrast to STED, SIM allows for imaging of
large fields of view with good temporal resolution. For more
detailed reviews, see e.g., Hirano et al. (2015), Heintzmann
and Huser (2017), and Zheng et al. (2021). SIM has been
used to image many different challenging cell types, including
neurons. For example, it was used to study the plasticity of
dendritic spines in mice hippocampal neurons (Guo et al,
2018). SIM was also used to reveal that PDZDS8, an ER
protein, was localized at ER-mitochondria contact sites in
mammalian neurons and regulated synaptically-evoked Ca**
dynamics (Hirabayashi et al., 2017). SIM studies in neuronal
growth cones also aided in the discovery of a distinct form
of endocytosis at the leading edge responsible for coordinated
vesicle and actin-bundling generation during axon growth
(Nozumi et al., 2017). Additionally, SIM was used to determine
the spatial distributions of the presynaptic protein synapsin
and the postsynaptic proteins Homerl and PSD-95 through
imaging of thousands of synapses (Lagache et al., 2018). SIM
can be generalized to 3D by generating a pattern along both
the lateral and axial directions (Gustafsson et al., 2008). 3D
SIM revealed complex actin structures in the neuron growth
cone and was used to observe the dynamics of cortical actin
in hippocampal neurons and glia (Fiolka et al.,, 2012). While
classical SIM most definitely continues to prove itself useful for
neuronal imaging, it presents limitations in that the technique
only offers a two-fold improvement in resolution. Non-linear
SIM (NL-SIM), or saturated SIM (SSIM), however, exceeds
this limit by making use of saturating excitation intensities
(Gustafsson, 2005). Theoretically, this non-linear method can
achieve infinite resolution and, like classical SIM, it can be
expanded to 3D, but in practice, the resolution achieved
is typically limited to around 50 nm (Gustafsson, 2005).
While such a technique is advantageous in that it allows for
improved resolution in 3D, it requires high laser intensities to
nearly reach saturation conditions, which increases the rate of
photobleaching. Hence, SSIM requires samples to be labeled with
bright and photostable fluorophores (Gustafsson, 2005). SSIM
also requires acquisition with multiple patterns, which limits the
temporal resolution.

Deterministic SR techniques each offer their own unique
advantages and will continue to provide important contributions
to our understanding of neuronal and synaptic function.
However, they are not single-molecule techniques, and they are
limited to studies of molecular mechanisms and interactions. In
the rest of this review, we will focus on techniques that allow
for the fundamental goal of detecting single molecules in 2D
and 3D, and how these techniques further benefit from the
combination with light sheet illumination for imaging of neurons
and synapses.
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SINGLE-MOLECULE LOCALIZATION
MICROSCOPY

In this review we will consider two applications of single-
molecule localization microscopy: SPT of the motion of
individual molecules to acquire information about their
dynamics and interactions, and single-molecule SR microscopy
for resolving static extended structures (for reviews, see e.g., von
Diezmann et al.,, 2017; M6ckl and Moerner, 2020; Figure 2).
Both of these applications rely on the detection of the position of
single molecules and can be coupled with light sheet illumination
to better understand structures at the nanoscale. In localization
microscopy, a single fluorophore is localized by detecting a
sufficient number of photons from the fluorophore on a camera
and then analyzing the diffraction-limited spatial distribution of
photons, known as the point spread function (PSF). Each photon
in the measured PSF can be treated as a sample of the probability
distribution centered on the true position of the fluorophore,
and an estimator of the center of the PSF can then be used to
localize the fluorophore position in 2D with a precision that is
much finer than the width of the intensity distribution of the
PSF. In the following sections, we will describe methods for SPT
and single-molecule SR imaging and showcase some examples
of their applications for imaging of neurons and synapses.
For extensive reviews of applications of these techniques in
neuroscience, see e.g., Kim et al. (2010), Maglione and Sigrist
(2013), Tennesen and Négerl (2013), Bannai (2018), Nosov et al.
(2020), Carvalhais et al. (2021), Werner et al. (2021), and Zieger
and Choquet (2021).

SINGLE-PARTICLE TRACKING IN 2D
REVEALS INFORMATION ABOUT
MOLECULAR DYNAMICS AND
INTERACTIONS

SPT is a method used to observe the dynamics and
intermolecular interactions of individual particles and molecules
at high spatial and temporal resolution (for a review, see
e.g., Shen et al,, 2017). In SPT, the same particle is localized and
tracked over time, providing information on nanoscale dynamics
and interactions beyond the optical diffraction limit. With the
ability to directly monitor individual particles, one can obtain
information about heterogeneous systems and unique events
that would have otherwise been lost in averaged measurements.
SPT can therefore provide a more complete understanding of
the behavior of individual molecules in complex systems and of
the mechanisms behind various biological processes.

For this reason, SPT has been used extensively to study
nanoscale dynamics in neurons and synapses. Quantum dot
(QD)-SPT is a commonly used technique for observing the
molecular membrane dynamics of neurons, and has led to
insights into the functions of neurotransmitter transporters (Thal
et al., 2019) and receptors (Ehrensperger et al., 2007; Biirli et al.,
2010; Arizono et al., 2012). Despite the discoveries QD-SPT has
contributed to neuroscience, there are drawbacks associated with
using QDs. The large size of QDs compared to organic dyes or
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fluorescent proteins limits the mobility of the molecule in narrow
areas such as the synaptic cleft (Groc et al., 2007; Alcor et al,
2009). Additionally, QDs have to be tagged to the proteins of
interest and blink erratically between on and off states which
complicates their use in SPT (Groc et al., 2007; Alcor et al., 2009).

SptPALM is a method that overcomes some of the challenges
presented by QD-SPT by combining SPT with (fluorescence)
PhotoActivation Localization Microscopy [(fJPALM], where
photoactivatable fluorophores are activated and then tracked
until they photobleach (Manley et al., 2008). SptPALM utilizes
smaller labels that also typically lessen the issues with blinking
and are well suited for live-cell imaging. Thousands of
these photoactivated fluorophores, most commonly fluorescent
proteins, can be tracked simultaneously in live cells by single-
molecule localization followed by trajectory reconstruction,
allowing for studies of high-density dynamics of single molecules
(Manley et al., 2008, 2010). SptPALM in neurons has provided
insight into the organization and dynamics of individual actin
molecules within dendritic spines (Tatavarty et al., 2009; Frost
etal., 2010), revealing their heterogenous distribution and role in
supporting diverse processes in the synapse. SptPALM has also
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revealed a heterogeneous distribution of CaMKII in dendritic
spines in non-stimulated and stimulated rat hippocampal
neurons, suggesting that CaMKII fulfills multiple functions both
inside and outside of the postsynaptic density (Lu et al., 2014).
Another study has also revealed that CaMKII has both a kinase-
and structure-dependent role for actin remodeling in the spine
(Kim et al., 2015). In addition, sptPALM has been used to track
the dynamics of the transcription factor NF-kB p65 (Widera
etal., 2016), which is transported from the synapse to the nucleus
upon glutamate activation. Another study using sptPALM
investigated the mobility of syntaxinlA, a protein involved in
synaptic vesicle docking, and it was found that the mobility
increased in response to opto- and thermo-genetic neuronal
stimulation and that diffusion and trapping of syntaxinlA in
nanoclusters regulated neurotransmitter release (Bademosi et al.,
2016; Figure 3A). Additionally, sptPALM was used to investigate
the effect of Shank knockdown on the mobility of cortactin
and revealed that Shank proteins are key intermediates between
the synapse and the spine actin cytoskeleton via cortactin
(MacGillavry et al., 2016). Furthermore, sptPALM has been used
to explore the mechanisms connecting voltage-gated calcium
channels with short-term plasticity (Heck et al., 2019), as well as
the spatiotemporal distribution of postsynaptic AMPA receptors
(Hoze et al., 2012; Nair et al., 2013). SptPALM has also been
used to map how the membrane dynamics of GABAA receptors
are altered with mutations associated with epilepsy (Bouthour
et al, 2012). These examples of SPT in neurons and synapses
highlight the versatility and strength of SPT for improving our
understanding of the function of synapses at the molecular
level. However, as we will discuss further in later sections, such
methods for neuronal imaging can be further improved upon
with the incorporation of LSFM.

SINGLE-MOLECULE SUPER-RESOLUTION
MICROSCOPY IN 2D UNVEILS
STRUCTURES AT THE NANOSCALE

The second application of single-molecule localization
microscopy, single-molecule SR imaging, strives to map
nanoscale extended structures that are densely labeled with
fluorophores. In addition to being able to localize the positions
of the single molecules, localization-based SR imaging also
requires some form of control of the density of the fluorophores
that emit in each camera frame. Various methods have been
developed using some photophysical, photochemical, or binding
and unbinding mechanism to keep most of the fluorophores in
an off state to ensure that just a small, non-overlapping subset
of the fluorophores fluoresce simultaneously. By localizing
different fluorophores in many subsequent frames, a point-by-
point reconstruction of the underlying structure can be created.
Methods that utilize single-molecule localization microscopy
to achieve SR include (f)PALM (Betzig et al., 2006; Hess et al.,
2006), (direct) Stochastic Optical Reconstruction Microscopy (d
STORM,; Rust et al., 2006; Heilemann et al., 2008), and various
methods based on Point Accumulation for Imaging in Nanoscale
Topography (PAINT; Sharonov and Hochstrasser, 2006). For

more detailed reviews about these stochastic SR methods, please
see e.g., von Diezmann et al. (2017), M6ckl and Moerner (2020),
and Lelek et al. (2021).

These stochastic SR methods have been used for numerous
2D studies of the neuronal synapse. For example, PALM has
been used to study the spatial distribution of perisynaptic actin
and its correlation with the postsynaptic density proteins GKAP
and PSD-95 (Frost et al, 2010), to quantify the morphology
of dendritic spines (Izeddin et al., 2011), and to reveal that
nanoscale scaffolding domains within the postsynaptic density
concentrate synaptic AMPA receptors (MacGillavry et al., 2013).

Two- or three-color STORM has been applied in conjunction
with large-volume, automated, ultrathin sectioning to image
ganglion cells (Sigal et al, 2015), to image parvalbumin-
positive interneurons and their associated extracellular matrix,
called perineural nets, in mouse primary visual cortices (Sigal
et al,, 2019), to discover a spatial correlation between AMPA
receptor nanodomains and the post-synaptic adhesion protein
neuroligin-1 (Haas et al., 2018), and to determine the nanoscale
co-organization of AMPA receptors, NMDA receptors, and
mGluR at excitatory synapses (Goncalves et al., 2020). DSTORM
has also been combined with PALM to enable two-color imaging
for studies of the spatial relation between actin in dendritic spines
and the postsynaptic density protein Shank2 (Izeddin et al,
2011), with sptPALM to map the plasma membrane in primary
hippocampal rat neurons (Ries et al., 2012), and with confocal
approaches to investigate NMDA-receptor activation at single
synapses (Metzbower et al., 2019).

DNA-PAINT (Jungmann et al, 2010) is a powerful
implementation of PAINT where short single-stranded DNA
oligonucleotides tagged with a fluorophore transiently bind
to complementary oligonucleotides which are bound to a
target molecule, such as an antibody to a protein of interest.
DNA-PAINT overcomes PAINT’s limitations of target selectivity
and specificity and, like PAINT, is not limited by photobleaching
since the binding is reversible and bleached fluorophores
can be replaced by an excess of unbleached ones. Since the
on/off switching is controlled by the choice of oligonucleotide
sequences rather than by the photophysical or photochemical
properties of the fluorophore, DNA-PAINT also allows for a
wider selection of fluorophores than (f)PALM and (d)STORM.
An additional benefit is that multiplexing can be done through
the use of multiple different oligonucleotide pairs imaged
sequentially using the same fluorophore—a method called
Exchange-PAINT (Jungmann et al, 2014). Exchange-PAINT
mitigates the issue of chromatic-aberration induced offsets
between different color channels that arise when using other
techniques where different fluorophores are used. A tradeoff is
that DNA- and Exchange-PAINT imaging are typically much
slower than the other single-molecule SR methods. The recently
developed Peptide-PAINT (Eklund et al., 2020) makes use of
small, programmable peptide pairs instead of the single-stranded
DNA oligonucleotides used in DNA-PAINT. In addition to
their smaller size, these peptides can produce more favorable
kinetics than their oligonucleotide counterparts and can, in that
way, improve the imaging speed. DNA-PAINT conventionally
requires the target cell to be fixed and permeabilized, meaning
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FIGURE 3 | Examples of 2D single-molecule tracking and 2D super-resolution imaging in neurons and synapses. (A) sptPALM was used to image the distribution
and mobility of attachment receptor protein syntaxin1A fused with photoconvertible fluorescent protein mEos2 in the motor nerve terminal of Drosophila larvae.
Insets demonstrate average intensity, diffusion coefficient, and trajectory map showing slow and fast populations of syntaxin1A on a synaptic bouton. Figure
reprinted from Bademosi et al. (2016). Reprinted with permission from Springer, under Creative Commons Attribution 4.0 International License. (B) The organization
of AMPA receptors into nanodomains inside the spines of live hippocampal neurons demonstrated with single-molecule tracking techniques sptPALM and uPAINT.
The first column shows diffraction-limited images of Homer1c and the following two columns show intensity maps and trajectories from measurements using
sptPALM (top three rows) or uPAINT (bottom row). The scale bar is 1 wm. Adapted from Nair et al. (2013) (https://www.jneurosci.org/content/33/32/13204). (C)
Combining deterministic approaches STED and SUSHI with stochastic techniques PALM and uPAINT enabled correlative super-resolution imaging of neuron
morphology and analysis of the distribution and dynamics of synaptic proteins in live hippocampal neurons. The right panel is a close up of the area marked with a
rectangle in the overlay. The scale bar is 2 um in the left panel and 500 nm in the close up. Reprinted by permission from Springer Nature: Springer Nature, Nature
Methods, (Inavalli et al., 2019), copyright 2019. (D) The four synaptic proteins VGAT, Gephyrin, Synapsinl, and Bassoon imaged sequentially with Exchange-PAINT.
The top left panel shows a merged image of the synaptic proteins, where gold nanoparticles were used as fiducials for registration (circled in red). The scale bar is 5
wm. The top middle and top left panels show diffraction-limited and super-resolved images, respectively, of the region in the top left panel marked with a white
square without a star. The super-resolved image allows distinction of the orientation of individual synapses as shown with white arrows. The scale bar is 500 nm. The
bottom panels show the region marked with a white square and yellow star in the top left panel. The four targeted synaptic proteins are first shown together and then
pair-wise. The scale bars are 400 nm. Reprinted with permission from Wang et al. (2017). Copyright (2017) American Chemical Society.

this method is typically not compatible with live-cell imaging.
LIVE-PAINT (Oi et al., 2020) addresses this issue by combining
peptides for labeling with fluorescent proteins which are
coded for and expressed within the target cell. Quantitative

DNA-PAINT (qPAINT) is a PAINT approach that allows for
counting of the number of targets (Jungmann et al., 2016), and
it has been utilized e.g., to image and estimate copy numbers of
surface AMPA-type receptors at synapses of rat hippocampal
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neurons (Boger et al, 2019). In another study, Universal
(uWPAINT (Giannone et al., 2010), which utilizes the PAINT
concept for tracking of dynamics in membranes, was used
together with sptPALM, dSTORM, STED, and EM to investigate
the correlation between the dynamics and distribution of AMPA
receptors with the position of clusters of the postsynaptic density
protein PSD-95 (Nair et al., 2013; Figure 3B). Another recent
study combined uPAINT with STED and PALM, and SUSHI
with sptPALM and PALM, to study the position and movements
of synaptic proteins within the morphological context of growth
cones and dendritic spines (Inavalli et al.,, 2019; Figure 3C).
UPAINT has also been combined with PALM for tracking of
transmembrane proteins over postsynaptic densities whose
internal structures were simultaneously super-resolved. The
results provided important experimental confirmation that the
density of scaffold proteins in the postsynaptic density strongly
influences the mobility of transmembrane proteins (Li and
Blanpied, 2016). Furthermore, uPAINT was combined with
sptPALM to investigate the degree to which the mobility of
AMPA receptors depends on protein crowding in the synapse (Li
et al., 2016). Exchange-PAINT has also been demonstrated for
up to eight-target imaging in primary neurons and included the
co-localization of the four synaptic proteins Bassoon, Synapsinl,
Gephyrin, and vGAT (Wang et al., 2017; Figure 3D).

All these stochastic SR techniques can be improved upon
further by the combination with LSFM for optical sectioning.
Some important technical considerations on improving both
SPT and single-molecule SR imaging will be described in the
next section.

CONSIDERATIONS FOR IMPROVING
SINGLE-MOLECULE TRACKING AND
SUPER-RESOLUTION IMAGING

In this section, we will provide some technical details on how to
improve the achievable localization precision which may prove
helpful for the user. These considerations will also highlight the
benefits of using LSFM for SPT and stochastic SR imaging.

The precision that can be achieved from single-molecule
localization microscopy depends on multiple parameters, such
as the number of the detected signal and background photons,
the effective pixel size of the images, and the choice of position
estimator. The simplest position estimator is the centroid or
average photon position, but superior estimators are preferable.
A simple 2D function such as a Gaussian or Airy function may be
used as a model of the PSF, in combination with a fitting criterion
such as a least squares or maximum likelihood estimator (MLE).
MLE can provide improved localization precision compared to
least-squares Gaussian fitting, especially for low background
levels, but at the cost of computational complexity (Rieger and
Stallinga, 2014). A common choice that balances analysis speed
and acceptable precision is to fit using a 2D Gaussian with
a constant background offset and an unweighted least squares
estimator (Mortensen et al., 2010). For extensive reviews on the
merits of different analysis approaches, see e.g., Abraham et al.
(2009), Deschout et al. (2014), and Small and Stahlheber (2014).

Two other ways to improve the localization precision are
to increase the signal photons from the target fluorophores
and to reduce the background fluorescence coming from the
rest of the sample. The first steps to achieve a reduction of
background from the rest of the sample are to ensure proper
filtering of Rayleigh and Raman scattered light, shield from
light from other sources in the room, use specific labels, and
work with far-red fluorophores where the autofluorescence
from the sample is lower. However, even the background
coming from the labeled structure itself, or from diffusing
PAINT probes, can be problematic. This is especially true
when imaging thicker samples and when imaging in 3D using
long-range PSFs (as will be discussed in more detail in the
“Single-Molecule Tracking and Super-Resolution Imaging in 3d”
section). Therefore, reducing this background is critical to enable
and improve imaging in these situations. For DNA-PAINT
imaging, important recent advances, such as the development
of fluorogenic probes (Chung et al, 2020), have been made
to reduce the background coming from the diffusing unbound
fluorophores. An additional and complementary approach to
mitigate the issue with high fluorescence background is to use
LSFM to optically section the sample and in that way improve
the localization precision.

Improving the signal can be done by selecting fluorophores
that are bright and yield many photons. For SPT, the fluorophore
should also be small enough to not obstruct the motion of
the tracked molecule and photostable to allow for long track
lengths. In addition, it should be live-cell compatible and either
genetically encoded or cell-membrane permeable unless tracking
is done in membranes. The labeling should also be specific to
the target. Fluorescent proteins fulfill many of these criteria and
have revolutionized live-cell imaging (Chalfie, 2009; Shimomura,
2009; Tsien, 2009; Kremers et al., 2011). However, they are
typically not as bright or photostable as synthetic dyes, which
reduces the localization precision. Fluorescent proteins also
require transfection and the expression of fluorescent proteins
may perturb cell function. Synthetic dyes are generally brighter
and more photostable than fluorescent proteins, but they can
yield higher background due to unspecific binding. They also
often require fixation and permeabilization for labeling of
structures inside cells, and the labeling efficiency can be limited.
Quantum dots provide bright labels, but their size and complex
blinking behavior can limit their applicability. For SR imaging,
the fluorophores should also be bright to improve the localization
precision, but they must allow for control of the on/off state. In
PAINT approaches, the on/off fraction is controlled via binding
kinetics and fluorophore concentration rather than by the
photophysics of the fluorophore, which is why the requirements
on the fluorophores for PAINT imaging are less stringent than
for the other techniques. Here, bright fluorophores can be imaged
over longer exposure times to increase the number of photons
collected and yield excellent localization precision, at the cost of
increased imaging time. Many SR applications do not require
live samples, so here fluorophores that are not cell membrane
permeable could be used if the cell is permeabilized before
labeling. Large efforts are continuously being made to improve
parameters of fluorophores for SPT and SR imaging such as
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brightness, photostability, excitation and emission wavelengths,
blinking and activation properties, cell permeability, and labeling
specificity (Dempsey et al., 2011; Chozinski et al., 2014; Grimm
et al, 2015, 2016a,b), so researchers should carefully select
optimal fluorophore and imaging conditions for their specific
applications.

SINGLE-MOLECULE TRACKING AND
SUPER-RESOLUTION IMAGING IN 3D

Given that 3D information is crucial for a complete
understanding of biological specimens, modes of imaging that
enable the acquisition of both lateral and axial information are
invaluable. Confocal microscopy can provide excellent contrast
and can generate 3D images through stacking of multiple
z-planes, but it is inherently diffraction limited in all dimensions.
Because of its confocal scanning nature, it also suffers from
a limited temporal resolution on the order of seconds, and
high peak powers increase the risk of photobleaching and
photodamaging the sample. Fast 3D SPT has been achieved
using confocal active-feedback approaches, such as orbital
imaging (Levi et al., 2005; Katayama et al., 2009) and TSUNAMI
(Perillo et al., 2015), where multiple confocal laser beams trace
orbits around the tracked particle. An alternative active-feedback
approach is based on a fast-scanning single confocal spot
combined with a nanopositioner to keep the molecule within
the 3D scanning region (Hou et al, 2019). The extension of
this method to single molecules has historically been limited by
piezoelectric response time and the number of photons detected
from the single molecules. However, a recently developed
method termed 3D Single Molecule Active Real-time Tracking
(3D-SMART) has optimized these parameters to yield 3D
tracking of single molecules with excellent temporal resolution
over extended times (Hou et al., 2020). MINFLUX (Balzarotti
et al., 2017), is another scanning approach that has recently
been extended for 3D tracking and SR imaging. In MINFLUX, a
fluorophore targeted by a doughnut-shaped beam will fluoresce
more intensely the further it is from the center of the doughnut
beam, which can be used to precisely determine the position
of the fluorophore. MINFLUX has been used for SR imaging
of the post-synaptic protein PSD-95 with essentially isotropic
3D resolution of 2-3 nm (Gwosch et al., 2020). This method
facilitates work with very low photon counts and can achieve
better spatial precision than other single-molecule localization
techniques, which opens up possibilities for very detailed studies
of synaptic structures and dynamics in the future. However, all
these scanning methods have limitations when it comes to the
number of particles that can be tracked or imaged in parallel.
Biplane (Toprak et al., 2007; Juette et al., 2008; Ram et al.,
2008) and multiplane (Ram et al., 2012; Abrahamsson et al., 2013;
Chen J. et al,, 2014; Knight et al., 2015; Smith et al., 2015) imaging
are wide-field approaches based on splitting the detected light
into two or more light paths with different optical path lengths
before they are imaged on a camera. This allows for the detection
of the 3D position of many individual molecules in parallel.
However, care has to be taken to balance the axial range used

and the required spatial or temporal resolution, as the signal is
weakened by splitting the light into multiple planes. Two-color
biplane imaging combined with spectral demixing has been
used to image nanostructures in 3D in hippocampal neurons,
including B-tubulin, 2-spectrin, f4-spectrin, and AnkG in axons
and Homerl and Bassoon at the synapse (Winterflood et al.,
2015). Biplane imaging has also been paired with advanced
statistical analysis to determine the stoichiometry of and distance
between the synaptic vesicle proteins synapsin and vesicular
glutamate transporters (Lagache et al., 2018).

An alternative wide-field approach is to use engineered
PSFs (for a review, see e.g., von Diezmann et al, 2017),
where the axial (z) position of the emitter is encoded directly
in the shape of the PSF on the camera (Figure 4). This is
accomplished by modifying the phase pattern of the emitted
light in the Fourier plane of the microscope and allows for
scan-free wide-field 3D detection of emitters with excellent
precision by the addition of a small number of optical elements
to a standard fluorescence microscope. A common approach
is to introduce a weak cylindrical lens in the emission light
path to create an astigmatic PSF (Kao and Verkman, 1994;
Huang et al, 2008a; Spille et al, 2012; Li et al, 2013;
Izeddin et al, 2014). An early use of astigmatic PSFs for
3D SR imaging of the synapse involved STORM imaging of
the architecture and distance between 10 protein components
of the presynaptic active zone and the postsynaptic density
in brain tissues (Dani et al., 2010; Figure 5A). Astigmatism
in combination with STORM was also used to discover that
axons are wrapped in evenly-spaced periodic structures called
the membrane-associated periodic skeleton, composed of actin,
spectrin, and other related proteins (Xu et al., 2013; Figure 5B).
These studies have also been extended to map the membrane-
associated periodic skeleton in axons, dendrites, and soma
of neurons at different developmental stages (Zhong et al,
2014; Han et al,, 2017). Astigmatism and dSTORM have also
been used to determine the location of the transmembrane
protein assembly y-secretase, an enzyme linked to Alzheimer’s
disease (Schedin-Weiss et al., 2016), as well as to identify a
mechanism for controlling synaptic weight through imaging of
Muncl3-1 supramolecular assemblies (Sakamoto et al., 2018;
Figure 5C). More recently, astigmatism was employed to map
protein distributions and arrangements within a calyx of Held
synapse through multiplexed dSTORM imaging (Klevanski et al.,
2020). Astigmatism has also been combined with PALM and
STORM for two-color 3D SR imaging to characterize the
ultrastructure of inhibitory synapses and to count scaffold
proteins and receptor binding sites (Specht et al., 2013). In
addition, astigmatism has been used with two-color STORM
for 3D SR imaging together with EM and STED to determine
the spatial distribution of proteins EphB2 and SynCAM in
relation to the postsynaptic density, which revealed that SynCAM
1 shapes the cleft edge, while EphB2 is enriched deeper into
the postsynapse (Perez de Arce et al,, 2015), as well as for
imaging of the distribution of presynaptic proteins in relation
to the postsynaptic scaffolding protein PSD-95, which revealed
trans-synaptic alignment of the distributions (Tang et al., 2016;
Figure 5D).
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FIGURE 4 | Engineered point spread functions (PSFs) for single-molecule
localization allowing tracking and super-resolution imaging in 3D. The arrows
(right) represent both the available axial ranges and the range over which the
different PSFs were imaged, except in the case of the DH PSF that was
imaged over a 3 wm axial range. (A) Astigmatic (Huang et al., 2008b). The
scale bar is 0.5 pm. Reprinted from Huang et al. (2008b). Reprinted with
permission from AAAS. (B) Phase ramp (Baddeley et al., 2011). Figure
reprinted by permission from Springer Nature: Springer Nature, Nano
Research (Baddeley et al., 2011), copyright 2011. (C) Accelerating beam (Jia
et al., 2014). The scale bar is 1 wm. Figure reprinted by permission from
Springer Nature: Springer Nature, Nature Photonics (Jia et al., 2014),
copyright 2014. (D) Corkscrew (Lew et al., 2011). Reprinted with permission
from Lew et al. (2011) © The Optical Society. (E) Tetrapod (Shechtman et al.,
2015). The scale bar is 2 wm. Reprinted from Shechtman et al. (2015) with
permission from the American Chemical Society
(https://pubs.acs.org/doi/10.1021/acs.nanolett.5b01396). Further
permissions related to the material excerpted should be directed to the ACS.
(F) Double-helix (DH; Pavani et al., 2009). The scale bar is 2 wm. Reprinted
with permission from Pavani et al. (2009). (G) Tetrapod (Shechtman et al.,
2015). The scale bar is 5 um. Reprinted from Shechtman et al. (2015) with
permission from the American Chemical Society
(https://pubs.acs.org/doi/10.1021/acs.nanolett.5b01396). Further
permissions related to the material excerpted should be directed to the ACS.
(H) The optical design used for PSF engineering was implemented with a
transmissive dielectric phase mask to modulate the shape of the PSF.

PSF engineering has also been used to create more complex
PSFs with various axial ranges between 0.8 and 20 pum, including
the bisected pupil (Backer et al., 2014), self-bending (Jia et al.,
2014), corkscrew (Lew et al., 2011), double helix (DH; Pavani
et al., 2009; Thompson et al., 2010; Backlund et al., 2014;
Gustavsson et al., 2018a; Bennett et al., 2020), and tetrapod PSFs
(Shechtman et al., 2014, 2015, 2017; Weiss et al., 2020). The
desired phase pattern can be implemented using transmissive
dielectric phase masks, a liquid crystal spatial light modulator
(SLM), or a deformable mirror. Transmissive dielectric masks
allow for the implementation of any type of phase pattern with
excellent photon efficiency. However, one mask is required for
each type of PSF, axial range, and wavelength range used. An
SLM also allows for the implementation of any type of phase
pattern; the choice of pattern is flexible and can be easily and
rapidly updated. However, an SLM can only modulate one
polarization direction of the emitted light, which means that
either half of the light has to be discarded, at the cost of reduced

localization precision, or more elaborate optical designs have
to be implemented to recover the other polarization direction
(Backlund et al., 2012). The deformable mirror consists of a
continuous membrane and is therefore only suited for smoothly
varying phase patterns. For these types of phase patterns, the
deformable mirror can be easily and rapidly updated to facilitate
various axial ranges and wavelengths and offers excellent photon
efficiency.

Longer-range engineered PSFs have not yet been extensively
implemented for imaging in cultured neurons or in brain tissues,
but they hold great promise for addressing questions about 3D
molecular dynamics and nanoscale morphology in these types
of samples. Just like in the case of localization microscopy
in 2D, the spatiotemporal resolution that can be achieved for
3D localization using engineered PSFs depends on the signal-
to-background ratio between the signal from the fluorophore
and the background fluorescence from the rest of the cell. The
footprint of engineered PSFs on the camera is larger, which
means that the signal photons are spread over more pixels.
Since imaging in thick samples, such as entire cells or tissues,
typically results in high fluorescence background, methods to
improve the signal-to-background ratio are critical to enable
and improve 3D single-molecule imaging in these situations.
Combining engineered PSFs with LSEM for optical sectioning of
thick samples is thus a promising route to solve these problems
which can pave the way for new discoveries in neuroscience.

LIGHT SHEET ILLUMINATION STRATEGIES
FOR IMPROVED WIDE-FIELD DETECTION
OF SINGLE MOLECULES IN 3D

LSFM has revolutionized large-scale imaging of brain tissue
and neural networks, but its optical sectioning capability also
greatly benefits SPT and single-molecule SR imaging (for more
extensive reviews on the marriage of single-molecule approaches
with LSFM, see e.g., Power and Huisken, 2017; Gustavsson
et al., 2018b). When merging single-molecule approaches with
LSFM, a high numerical aperture (NA) detection objective is
ideal to capture as many photons as possible emitted from the
individual fluorophor