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Superresolution microscopy (SM) techniques are among the revolutionary methods for molecular and cellular observations in the 21st century.
SM techniques overcome optical limitations, and several new observations using SM lead us to expect these techniques to have a large impact on
neuroscience in the near future. Several types of SM have been developed, including structured illumination microscopy (SIM), stimulated
emission depletion microscopy (STED), and photoactivated localization microscopy (PALM)/stochastic optical reconstruction microscopy
(STORM), each with special features. In this Minisymposium, experts in these different types of SM discuss the new structural and functional
information about specific important molecules in neuroscience that has been gained with SM. Using these techniques, we have revealed novel
mechanisms of endocytosis in nerve growth, fusion pore dynamics, and described quantitative new properties of excitatory and inhibitory
synapses. Additional powerful techniques, including single molecule-guided Bayesian localization SM (SIMBA) and expansion microscopy
(ExM), alone or combined with super-resolution observation, are also introduced in this session.

Introduction
The molecular diversity inherent in brain is much larger than in
other organs. For example, molecular and cellular neuroscience
techniques have revealed a multitude of synapse-associated pro-
teins that shape basic neuronal transmission. To understand the
precise roles of these proteins, knowledge of the localization and
positional relationships is essential. Unfortunately, the diffraction
limit of conventional optical microscopy (�200 nm) precludes anal-
yses of such information, because neuronal structural components
are highly compressed within the narrow areas of synapses. In this
Minisymposium, experts describe their experiences with innovative
devices for super-resolution microscopy (SM) devised in the this
century. We also introduce two additional associated techniques.
These methods all use different principles to overcome optical limi-
tations of conventional microscopy and are as described below.

Structured illumination microscopy (SIM). SIM can reconstruct
the fine structure of cells by calculating the interference (moiré) pat-

terns induced by irradiation with striped-pattern excitation light
(Gustafsson, 2000). With SIM, approximately 100 nm in lateral di-
mensions and 300 nm in the axial dimension can be visualized.
Super-resolution images are easy to obtain with SIM, as it utilizes
typical fluorescent dyes (Demmerle et al., 2017; Richter et al., 2018).

Stimulated emission depletion (STED) microscopy (Hell and Wich-
mann, 1994). A typical single-point scanning STED microscope su-
perimposes the excitation beam with a doughnut-shaped STED
beam to instantly quench molecules at the periphery of the excita-
tion spot, thereby confining fluorescence emission to the doughnut
center (Hell, 2007). This method of saturated quenching produces a
fluorescent spot far below the diffraction limit to yield a subdiffrac-
tion resolution image. As a result, STED microscopy offers high
temporal and spatial resolution (Hell, 2007), reaching approxi-
mately 60 nm every 26 ms as described in a study of fusion pore
dynamics (Shin et al., 2018).

Stochastic optical reconstruction microscopy (STORM)/photo-
activated localization microscopy (PALM). In PALM, individual
fluorescent protein molecules are repeatedly photoactivated with
a low-intensity light, imaged, and photobleached (Shcherbakova
et al., 2014). The super-resolution image in PALM is recon-
structed by merging all the localized single-molecule positions.
PALM imaging combined with clustering analyses can be used to
investigate in a more quantitative manner the scaffold protein
distribution at the molecular level.

Single molecule-guided Bayesian localization (SIMBA) SM: Three
remarkable advantages of SIMBA are its (i) exceptional spatial (50
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Figure 1. SIM reveals intracellular 3D distributions of individual actin filaments and vesicles labeled with GFP-synaptophysin in growth cones. (A) Left, F-actin (magenta) and
GFP-synaptophysin (GFP-Syp; green) in a glutaraldehyde-fixed growth cone of a neuroblastoma NG108 –15 cell. Right, enlarged image of the region marked by the dashed box on the
left. The focus plane on the right was 330 nm higher than on the left, which focuses on the bottom of the growth cone. The GFP-Syp signals were detected in the vicinity of the filopodia
(arrows in the left panel) and actin bundles (arrowheads in the right panel). (B) Color maps repsenting the height of F-actin from the substrate, in the growth cone shown in (A). Note that the central
(C-) domain is obviously thicker than the peripheral (P-) domain. Most actin bundles are red in the C-domain, indicating that they are farther from the substrate. The color/height gradually decreases
from the C-domain to the leading edge, suggesting that F-actin bundles are distributed along the dorsal/apical surface, but not along the basal surface, in the growth cone (Nozumi and Igarashi,
2017) (C) Color maps representing the height of GFP-Syp from the substrate in the growth cone shown in (A). By comparing the color map of GFP-Syp with that of F-actin, it is possible to determine
which Syp-positive vesicles were close to F-actin bundles, which side of the bundle they were on, and what shape they have (arrowheads in the right panel ). (D) SIM images of GFP-Syp accumulation
coinciding with F-actin bundling (arrows). The 3D-SIM and live imaging showed Syp assembled in the vicinity of F-actin bundles at the leading edge (Nozumi et al., 2017). Arrowheads: three actin
bundles forming into a thicker filopodium.
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Figure 2. Visualizing the dynamics of hemi-fusion, fusion pore opening and vesicular-content release with STED microscopy. (A–C) STED XZ images PH (green, labeling inner leaflet) and A532
(red, in the bath) (A, PH and A532 appear in the W-profile at the same time), PH-earlier (B, PH appears before A532, indicating hemi-fusion, and A532 appears later, indicating fusion pore has
opened. (C) �-profile labeled with PH only, indicating hemi-fusion. Labeled times are relative to depol1s onset. Cytosol, PM, bath, and coverslip location are labeled in A. (Figure legend continues.)
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nm) and temporal (0.5 s/image) resolution, (ii) large field of view,
and (iii) applicability for long-term live-cell imaging.

Expansion microscopy (ExM): Whereas current SM methods
are difficult to apply to large or thick three-dimensional speci-
mens, ExM uses the isotropic swelling of a dense, crosslinked
polymer network of polyelectrolyte hydrogel materials to which
key biomolecules or labels (e.g., GFP, antibodies) are covalently
anchored. The addition of water to the preserved specimen
causes the hydrogel to swell enormously (�4.5� in linear extent
or �100� in volume) (Chen et al., 2015; Chang et al., 2017;
Karagiannis and Boyden, 2018).

In the sections below, we describe some novel insights gained
by using these revolutionary methods as well as recent advances
that strengthen SM techniques.

SIM reveals associations between F-actin organization and
membrane trafficking in growth cones
Growth cones are highly motile structures at the tips of growing
axons during neuronal development and regeneration. They guide
axon growth via chemotaxis and they form synapses after reaching a
target (Lowery and Van Vactor, 2009). The thick area of the central
domain of growth cones is rich in microtubule and organelle,
whereas the peripheral domain, comprising F-actin, is thinner (Fig.
1). In the peripheral domain, branched F-actin constructs a sheet-
like protrusion, called a lamellipodium, while unbranched filaments
bundle together to form a slender protrusion, called a filopodium, at
the growth cone’s leading edge. To better understand the molecular
basis of neuronal growth, the precise relationship between F-actin
and the plasma membrane must be defined. However, there has

been little progress despite the 3D elucidation of the growth cone
structure, because the peripheral domain is small and thin (�1 �m).

Using SIM, we examined the precise localization of �100 pro-
teins identified by proteomic analysis of mammalian growth
cone (Nozumi et al., 2009, 2017) (Fig. 1). Our analysis suggested
that the bundling of F-actin is linked with local endocytosis at the
leading edge (Nozumi et al., 2017). The observation of growth
cones by 3D-SIM showed novel 3D intracellular structures and
associations that could not be imaged with sufficient resolution
using conventional confocal microscopy.

STED imaging reveals hemifusion and fusion pore dynamics
in live cells
Fusion is thought to occur through two mechanisms: the merging of
the proximal leaflets of two bilayers (hemi-fusion), followed by distal
leaflets to open a pore, or alternatively, by the formation of a protein-
lined pore followed by the merging of lipid bilayers (Wu et al., 2014).
The intense debate between these two hypotheses has recently been
resolved with STED microscopy at live cells(Chiang et al., 2014; Wen
et al., 2016; Zhao et al., 2016). Bovine chromaffin cells were trans-
fected with EGFP or mNeonGreen attached to phospholipase C�
PH domain (PH) which labels the cytosolic-facing leaflet of the
plasma membrane (PM). With Atto 532 (A532) is in the bath, fusion
generates PH-labeled �-profiles containing A532 spots, due to PH
diffusion in the membrane and A532 diffusion in the solution (Fig.
2A). PH-labeled �-profiles can appear at the same time as the A532
spot or appear alone without A532 spot (Fig. 2A–C) These results
indicate that hemi-fusion (PM and vesicular cytosolic-facing leaflet
fusion) is the first step to fusion(Zhao et al., 2016).

Fusion opens a pore to release transmitters and the rate of open-
ing controls the rate of release. However, fusion pore has not been
observed in live cells. The regulatory mechanisms are thus poorly
understood. STED microscopy of PH/A532 in live chromaffin cells
revealed dynamic fusion pore containing 180–720 nm vesicles re-
vealed dynamic fusion pore behaviors, including opening, expan-
sion, constriction, and closure of 0–490 nm pores within 26 ms to
seconds (Fig. 2D–G)(Shin et al., 2018). These dynamic pore behav-
iors determine the rate of release of vesicular contents, such as the
fluorescent false neurotransmitter 511 (FFN511) or neuropeptide
Y-EGFP (Fig. 2H–I)(Shin et al., 2018). Dynamic pore behaviors are
generated by competition between pore expansion mediated by
F-actin-dependent tension and constriction mediated by calcium/

4

(Figure legend continued.) (D) STED XZ images of PH and A532 taken at 50-nm intervals along
the Y-axis, showing a W-profile with a visible pore (Porev). (E) Upper left, W-profile at Y�250
nm from panel D; upper right, the fluorescence profile of the dotted line across the pore with WH

(full-width-half-maximum) labelled. Lower, XY images reconstructed from panel D at a Z-focal
plane across the pore (dotted line in upper panel). Inset, drawing of reconstructed plane (gray).
(F) PH-labelled W-profile fluorescence (FPH, normalized to baseline), A532 spot fluorescence
(F532), Porev WH, and sampled images at times indicated with lines showing a pore undergoing
rapid opening and slow constriction. (G) Left, PH and dynamin 2-mTurquoise2 (Dyn2, pseudo-
color) XZ-images at different Y-axis location showing dynamin surrounding the pore. Right,
XY-reconstructed images across the pore (dotted line). (H–I) Pore-dynamics control content
release: FPH, FFFN (FFN511 fluorescence), and PH/FFN511 images for �-profile with Porev (H) or
without a visible pore (PorenoV, I).

Figure 3. STORM Superresolution imaging of gephyrin scaffold proteins. Dual color STORM imaging of gephyrin associated with GABAA receptors (A, inset) and the pre-synaptic marker VGAT (B,
inset). Conventional and STORM images of Gephyrin stained with Alexa647 along with either GABAAR �1-subunit (left panel) or v-GAT (right panel) stained with Atto520. Scale bar 2 �m (A) (B). Axial
dimension of the box 2 �m (inset). Representation of gephyrin local density (radius �15nm) reveals the nanoscale organization of synaptic gephyrin in mono-spot and multi-spot clusters (C). Scale
bars, 100 nm. Image adapted from Pennacchietti et al. (2017). Sample credit: A. Barberis (Italian Institute of Technology).
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dynamin(Shin et al., 2018). These findings provide the missing
live-cell evidence proving the fusion-pore hypothesis, and es-
tablish a live-cell dynamic-pore theory accounting for fusion,
fission and the regulation of these processes (Chiang et al.,
2014; Shin et al., 2018).

SM for the study of GABAergic synaptic plasticity at the
single-molecule level
Postsynaptic scaffolding proteins are key factors for the functional
organization of synapses, and the mobility of the neurotransmitter
receptors, with which these scaffolding molecules interact. At inhib-
itory synapses, gephyrin is present at a 1:1 ratio with receptors
(Specht et al., 2013), suggesting that changes in gephyrin clustering

may alter the number of receptors at the synapse and thus the
strength of synaptic transmission. During inhibitory long-term po-
tentiation induced by chemical stimulation, gephyrin redistributes
from extrasynaptic to synaptic areas, thereby enhancing the cluster-
ing of synaptic GABAA receptors (Petrini et al., 2014). STORM is
ideal for investigating single-molecule localization at the nanoscale
level including the reorganization and distribution of synaptic recep-
tors, such as GABAA receptors (Fig. 3A), and scaffold proteins (Pen-
nacchietti et al., 2017), such as gephyrin (Fig. 3B), under conditions
of plasticity. For more quantitative investigations of scaffold protein
distribution, PALM imaging has recently been combined with clus-
tering analyses showing the formation of gephyrin nanodomains at
the synapse (Fig. 3C).

Figure 4. Combination of patch-clamp electrophysiology, confocal microscopy and STORM superresolution imaging. Visualization of individual target cells via biocytin injection during
in vitro patch-clamp electrophysiological recording or during in vivo juxtacellular recording allows the correlated investigation of physiological, anatomical and nanoscale molecular
parameters from the very same neuron within intact brain circuits. (A) The representative voltage trace shows action potential firing of a hippocampal GABAergic interneuron recorded
in the CA1 subfield of the mouse hippocampus. Note the regular spiking pattern, which is a typical physiological hallmark of CB1 cannabinoid receptor-positive interneurons. (B) The
neuron was filled with biocytin via the patch electrode during electrophysiological recording. Maximum intensity projection of the confocal image reveals the characteristic multipolar
dendritic morphology of the interneuron, whereas the thin axons and the axon terminals are primarily restricted to the pyramidal layer. (C) The quantitative evaluation of the laminar
bouton distribution confirms the identity of the cell as a perisomatically-targeting interneuron a.k.a. basket cell. Note that the vast majority of measured axonal varicosities (n � 2168)
are located in the stratum pyramidale, whereas very few boutons are found in strata oriens and radiatum. The value “0” indicates the middle of the stratum pyramidale as reference point.
(D) High-magnification confocal image of three axon terminals of the biocytin-filled basket cell. Terminals of the biocytin-filled basket cell. (E) STORM image of CB1 receptor-
immunostaining aligned with the confocal image of the biocytin-labeled axon demonstrates that most receptors are concentrated on the axon terminals of this GABAergic interneuron.
(F) The vast majority of the STORM localization points representing CB1 receptors are accumulated along the contour of the bouton in accordance with the ubiquitous plasma membrane
distribution of the receptor. [Modified from Dudok et al. 2015; figure kindly prepared by Dr. Barna Dudok].
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Nanoscale molecular imaging in brain circuits by STORM
superresolution imaging
STORM superresolution imaging has been used to demonstrate
that the chemical synapse can be divided into functionally dis-
tinct nanodomains at both the presynaptic and postsynaptic sides
(Dani et al., 2010; MacGillavry et al., 2013; Nair et al., 2013;

Specht et al., 2013; Tang et al., 2016; Sakamoto et al., 2018).
We recently combined STORM superresolution imaging and
confocal microscopy to measure molecular distributions at the
nanoscale level in selected cells and in identified subcellular com-
partments (Fig. 4, 5; Dudok et al., 2015; Barna et al., 2016). A
major advantage of combining confocal and STORM imaging is

Figure 5. Handling nanoscale molecular information: Illustration by Visual Molecular Dynamics and data analysis by VividSTORM. (A) STORM super-resolution imaging generated
localization points, which represent CB1 cannabinoid receptors visualized by immunofluorescence staining. These localizations all belong to a single GABAergic axon terminal imaged in
the CA1 subfield of the hippocampus. Note that other CB1 receptor-representing localizations belonging to neighboring cellular and subcellular profiles have been excluded from the
image for clarity (see Fig. 4 for further details). The individual molecular localizations are illustrated as atoms with the help of the Visual Molecular Dynamics (VMD) software. The color
depth encodes the z position of the receptor. All subsequent data analysis were performed by the VividSTORM software. (B) A convex hull was fitted onto the outermost STORM
localizations (which become vertices) to approximate the plasma membrane of the axon terminals by exploiting the fact that CB1 receptors are densely and homogeneously cover the
surface of GABAergic boutons. Chemical bonds in VMD are used to illustrate the convex hull edges. (C) The distance of each receptor localizations can be measured from the convex hull
faces. Yellow and magenta STORM localizations separate CB1 receptors along the surface or below the convex hull (80 nm). (D) Receptor density analysis is performed by selecting CB1

STORM localizations (yellow) and measuring randomly distributed reference points (little green dots) within a certain radius (large yellow sphere) of respective CB1 localizations. (E)
Yellow STORM localizations depict the CB1 localizations constructing the convex hull. A single presynaptic active zone is visualized by STORM imaging of bassoon-immunostaining (cyan
STORM localizations). Because bassoon is located �80 nm below the plasma membrane, the STORM localizations representing bassoon coordinates are projected onto the convex hull
surface (red STORM localizations) to estimate the active zone position on the axon terminal membrane. (F) Orange lines running along the surface of the convex hull link CB1 receptors
( yellow STORM localizations) with the closest localization on the active zone (red STORM localizations) providing an estimation of the nanoscale distance between the regulatory
receptors and the location of their molecular effectors known to be present within the active zone. (G) CB1-containing GABAergic interneuron terminals form complex synapses and
therefore carry multiple active zones. Visualization of all bassoon localizations (cyan STORM localizations) indeed suggest the presence of more than one bassoon cluster. (H) In this
particular bouton, 4 bassoon clusters (cyan, pink, orange and red localizations) were identified by DBSCAN, whereas other bassoon localizations identified as noise are depicted as
magenta dots. Scale bar is 200 nm; STORM localizations are shown as 17 nm spheres.

Figure 6. SIMBA analysis of endoplasmic reticulum structures in COS7 cells. A, Overlay of 200 total internal reflection fluorescence image frames representing diffraction-limit image of ER-Tracker
Red-labeled endoplasmic reticulum. B, Reconstructed SIMBA SR image of the same structure. Rectangle indicates the sheet structure. Scale bars: 2 �m.
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that it permits the study of molecular targets that are present
abundant throughout tissues, but present in limited quantitites
within the selected target cells and subcellular domains. This abil-
ity is due to the single-molecule nature of STORM imaging,
which contributes to a substantially improved signal-to-noise ra-
tio. This is an especially advantageous for distinguishing low in-
tensity, but specific immunofluorescence labeling from the high
autofluorescence background usually present in brain sections.
By exploiting these advantages of correlated STORM and confo-
cal microscopy, we recently to demonstrated the presence of
ribosomes in the axon terminals of specific GABAergic interneu-
ron types (Younts et al., 2016).

STORM imaging in combination with other microscopy meth-
ods and electrophysiological technologies will contribute to a better
understanding of the cell-type-and subcellular compartment-
specific nanoscale molecular principles, which govern synaptic and
other signaling mechanisms in brain circuits (German et al., 2017).
In addition, STORM will help us understand the specific molecular
changes underlying normal and abnormal plasticity processes in the
brain.

SIMBA SM
Previously, we combined single-molecule localization and Bayesian
analysis of blinking and bleaching to develop a new superresolution
technique called SIMBA (Xu et al., 2017). This technique was used to
examine the endoplasmic reticulum, an expansive and dynamic or-
ganelle comprising two types of structures, interconnected tubules
and flattened sheets, according to models supported by conventional

fluorescent microscopy. However, endoplasmic reticulum super-
resolution images reconstructed by SIMBA clearly show that the
structures that appear as sheets by total internal reflection fluores-
cence microscopy are actually dense tubules surrounded by large
empty areas (Fig. 6). The results are highly consistent with those of
recent works by Lippincott-Schwartz and Blackstone (Nixon-Abell
et al., 2016) in which a combination of five super-resolution tech-
nologies were used to demonstrate that “many structures previously
proposed to be flat membrane sheets are instead densely packed
tubular arrays.” SIMBA imaging can clearly resolve mature clathrin-
coated pits as hollow rings (Fig. 7), whereas a recently developed
technique utilizing superresolution radial fluctuations (SRRF)
could not (Figure 7B, yellow boxes). As SIMBA requires fewer
raw frames and is relatively insensitive to background fluores-
cence, it holds great potential for SR imaging of thick samples,
such as brain slices, tissues and organisms in neuroscience
with high spatial-temporal resolution.

ExM
Following the initial discovery that it was possible to isotropically
swell a preserved biological specimen through hydrogel embedding,
mechanical homogenization, and water swelling (Chen et al., 2015),
three independent groups showed how to bind off-the-shelf chemi-
cals to proteins, including labels such as GFP and fluorescent anti-
bodies (Chozinski et al., 2016; Ku et al., 2016; Tillberg et al., 2016).
These protein-retention forms of ExM have been applied to visualize
a variety of proteins within synapses, axons, dendrites, and glia in
brains of species ranging from Drosophila to mice and to humans.

Figure 7. SIMBA imaging of clathrin-coated pits in a live HeLa cell. (A) Overlay of 100 total internal reflection fluorescence image frames representing diffraction-limit image of mEos3.2- clathrin
light chain (CLC). (B) Reconstructed super-resolution radial fluctuations image of mEos3.2-CLC. (C) Reconstructed SIMBA image of mEos3.2-CLC. Scale bars: 1 �m. (D), (E), and (F): Zoomed-in
images of clathrin-coated pits (CCPs) marked by yellow boxes in (A), (B), and, (C) respectively. Scale bars: 200 nm.
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Given much interest in neural circuit tracing, or connectomics, ExM
protocols have also been developed to enable mRNAs to be an-
chored to the swellable polymer, expanded away from each other,
and then visualized with fluorescent in situ hybridization, a method
in which individual molecules (i.e., mRNAs) are difficult to discern
within thick intact tissues (Chen et al., 2015). Going forward, new
kinds of polymer chemistry may enable even finer scale visualization,
and new kinds of microscopes and algorithms may enable scalable
imaging and analysis of increasingly large datasets from the brain,
providing spatial precision across large-scale structures (Fig. 8).

Discussion and Conclusions
Since SM was first applied to neuroscience (Kittel et al., 2006;
Willig et al., 2006; see also Tønnesen and Nägerl, 2013), more
than ten years have passed. During this time, in addition to the
results which we describe here, some of the important progress,
such as the new structure of the axon initial segment (Xu et al.,
2013) or the new methodology of the observation of living extra-
cellular space in brain (Tønnesen et al., 2018), have been re-
ported. SM enables precise visualization of endocytosis and
exocytosis and quantitation of synaptic receptors, with further
advances possible with new methods such as SIMBA and ExM.

SM should not be used for the simple confirmation of views
derived from electron microscopy. Rather, SM can be used to
unmask and resolve molecular structures and dynamics in phys-
iological and pathological events. From this Minisymposium, we
hope more neuroscientists will utilize these technologies, first to
identify such events that cannot be observed in conventional mi-
croscopic fields and then to establish revolutionary concepts.
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