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The presynaptic active zone (AZ) of chemical synapses is a highly dynamic
compartment where synaptic vesicle fusion and neurotransmitter release take place.
During evolution the AZ was optimized for speed, accuracy, and reliability of
chemical synaptic transmission in combination with miniaturization and plasticity.
Single-molecule localization microscopy (SMLM) offers nanometer spatial resolution
as well as information about copy number, localization, and orientation of proteins
of interest in AZs. This type of imaging allows quantifications of activity dependent
AZ reorganizations, e.g., in the context of presynaptic homeostatic potentiation. In
combination with high-pressure freezing and optogenetic or electrical stimulation AZs
can be imaged with millisecond temporal resolution during synaptic activity. Therefore
SMLM allows the determination of key parameters in the complex spatial environment
of AZs, necessary for next generation simulations of chemical synapses with realistic
protein arrangements.
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INTRODUCTION

Presynaptic Active Zones and Synaptic Vesicles
Neurotransmitter release at presynaptic active zones (AZs) of chemical synapses is currently
investigated intensely and was recently reviewed from various perspectives (Brunger et al., 2018;
Silva et al., 2021; Werner et al., 2021; Rizo, 2022; Wichmann and Kuner, 2022). Since the term
AZ was coined in the last century (Tsuji, 2006) substantial progress occurred. As in any research
field, quite obviously, specific techniques such as electron microscopy (EM), molecular genetics,
structural biology, and patch clamp electrophysiology provide complementary data. In view of
decades of research, it remains fascinating to witness how preparations and techniques for AZ
research are continuously refined and more precise quantitative information accumulates.

Electron microscopy of AZs continues to provide critical insights, as for example was recently
shown for structural transitions during synaptic vesicle (SV) priming (Grushin et al., 2022; Lichter
et al., 2022). Evaluating the dimensions of electron dense material below docked SVs can provide
information how the chaperone Munc13, synaptotagmin, SNARE complexes, and complexins are
assembled (Rothman et al., 2017; Zhou et al., 2017). Furthermore, the combination of EM and high
pressure freezing (HPF) with optical stimulation, aptly termed flash-and-freeze (Watanabe et al.,
2013a,b; Chang et al., 2018; Borges-Merjane et al., 2020; Imig et al., 2020; Vandael et al., 2020), or
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electrical stimulation (zap-and-freeze, Kusick et al., 2020; Li et al.,
2021; Vevea et al., 2021), brings certainly more than just a
breath of fresh air to the field. Flash-and-freeze or zap-and-freeze
provide millisecond resolution for activity dependent imaging of
SVs in AZs. Although it is difficult to make predictions, especially
about the future, it is probably safe to expect further substantial
progress along this line of investigation.

We focus on yet another technique for super-resolution of SVs
and AZs, namely localization microscopy in the form of direct
stochastic optical reconstruction microscopy (dSTORM; van de
Linde et al., 2011). dSTORM offers protein specificity and in
ideal cases spatial resolutions of several nanometers. This was
nicely demonstrated for nuclear pore complexes (Löschberger
et al., 2012, 2014), which despite inherent flexibility (Schuller
et al., 2021), are used as reference standards for quantitative
super-resolution microscopy (Thevathasan et al., 2019). In the
following we will: (1) present paradigmatic dSTORM data for two
types of synapses, (2) discuss dSTORM of activity dependent AZ
rearrangements, (3) return to the above-mentioned combination
of HPF with either optical or electrical stimulation and will argue
how dSTORM of AZs may profit from HPF with stimulation, and
(4) end by touching the topic how a realistic ultrastructure can be
achieved in next generation simulations of SVs in AZs.

RESULTS AND DISCUSSION

Distinct Presynaptic Active Zones
Images of the abundant presynaptic AZ scaffolding protein
Bassoon (Gundelfinger et al., 2016) in two chemical synapses
of a mouse serve to introduce dSTORM images of AZs. The
left panel in Figure 1A shows a representative Bassoon cluster
in an endplate of a neuromuscular junction (NMJ). The left
panel in Figure 1B illustrates a representative Bassoon cluster
in a cerebellar parallel fiber (PF). The right panels in Figure 1
show histograms of cluster length in the two preparations. The
experimental imaging was essentially performed as described
earlier for 2D dSTORM in 1 µm thick tissue sections (Pauli
et al., 2021). The substantial difference in Bassoon cluster length
in Figures 1A,B is absolutely obvious and fits quite well to
EM data of AZ dimensions in the two preparations (Nagwaney
et al., 2009; Indriati et al., 2013). Since protein amount can be
measured with dSTORM by quantifying the fluorescence signal,
more precisely the number of localizations (Löschberger et al.,
2012, 2014; Ehmann et al., 2014), the two images in the left panels
of Figure 1 also reveal that the Bassoon content of endplate AZs is
certainly much lower than that of PF AZs. Significant differences
of Bassoon cluster length, localizations per cluster (Bassoon
content) and cluster volumes were also measured recently for
three types of hippocampal principal neurons, even within single
tissue sections, using dSTORM (Figure 4 in Pauli et al., 2021).
In principle, protein specific quantitative results with dSTORM
for AZs are similar to data obtained by freeze-fracture replica
immunogold labeling (Hagiwara et al., 2005; Éltes et al., 2017;
Mrestani et al., 2021; Pauli et al., 2021). Figure 1 serves as
illustration that it is possible to measure the amount and the
distribution of proteins of interest in AZs with dSTORM.

Activity Dependent Rearrangements
While protein distribution measurements with scale bars of
300 nm (Figure 1) are valuable, another level is reached by more
detailed evaluations of the fine structure of dSTORM data. For
the Drosophila NMJ, it was reported that the AZ cytomatrix
is composed of units containing approximately 137 copies of
Bruchpilot (Brp) protein, three quarters of which are organized
into about 15 heptameric clusters (Ehmann et al., 2014). Bassoon
and Brp are often used as AZ markers, since they are relatively
abundant AZ proteins.

More recently, hierarchical density-based spatial clustering
of applications with noise (HDBSCAN) was used to study Brp
distribution and AZ plasticity during presynaptic homeostatic
potentiation (PHP; Mrestani et al., 2021; Figure 2). Compaction
of individual AZs was found in acute philanthotoxin-induced
and chronic genetically induced PHP but Brp protein copy
numbers did not change. Compaction occurs even at the level
of Brp subclusters (SCs), which additionally move toward AZ
centers. Furthermore, compaction happens also within SCs of
Rab3 interacting molecule-binding protein (RBP), another AZ
protein closer to the membrane (Mrestani et al., 2021). Brp SCs
in wild type have average diameters of about 46 nm, compared
to a diameter of about 27 nm for RBP SCs (Mrestani et al.,
2021, note scale difference in Figures 2B,C). Furthermore, RBP
SCs contain only about 1/3 of the localizations of Brp SCs,
and RBP is thus less abundant in AZs (Mrestani et al., 2021).
However, other proteins, such as calcium channel subunits, are
again substantially less abundant than RBP, but still readily
detectable in AZs with dSTORM and related techniques (Ehmann
et al., 2015; Newman et al., 2022). AZ proteins can also be
arranged in still smaller clusters with diameters well below the
diameter of a typical SV, approaching the localization precision
of about 6 nm in our dSTORM images (Mrestani et al., 2021).
It might thus be possible to obtain activity dependent dSTORM
protein maps, e.g., for presynaptic calcium channels or other less
abundant AZ proteins.

High Pressure Freezing, Stimulation, and
Direct Stochastic Optical Reconstruction
Microscopy of Active Zones
Facing activity dependent positional changes of AZ proteins
with dSTORM, we are led to ask: What could be gained by
combining dSTORM with flash- or zap-and-freeze? HPF
alone eliminates artifacts commonly associated with classical
chemical fixation. More fascinating is, that dSTORM after
flash- or zap-and-freeze should yield AZ protein maps with
millisecond temporal resolution after synaptic stimulations.
While it is not entirely clear how much spatiotemporal
protein changes we will find with such investigations, it
is instructive to speculate briefly about such experiments.
Protein arrangements of SVs change during fusion (Brunger
et al., 2018; Rizo, 2022). Perhaps more subtle protein
repositioning during SV fusion will remain invisible with
currently achievable dSTORM. However, larger protein
displacements such as, e.g., the ones of complexin and Rab3
during SV fusion might be resolvable. Furthermore, other
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FIGURE 1 | Presynaptic Bassoon AZ scaffold in two murine synaptic connections. (A) The left panel shows a representative 2D one-color dSTORM image of a
Bassoon cluster in a mouse motor endplate of a Levator auris muscle preparation. On the right a histogram for Bassoon cluster length is displayed (n = 34 AZs,
length = 120 ± 35 nm, mean ± SD). (B) The left panel shows a dSTORM image of a Bassoon cluster in a parallel fiber to Purkinje neuron synapse in a sagittal
cryosection of a mouse cerebellar vermis. On the right again, a histogram for Bassoon cluster length is shown (n = 184 AZs, length = 520 ± 88 nm).

FIGURE 2 | Compaction of presynaptic AZ SCs (A) HDBSCAN for SC detection applied to an AZ of a wild-type Ib bouton of a Drosophila melanogaster
neuromuscular junction stained for BrpNC82. Black lines indicate alpha shapes used for AZ area quantification. Left: colored Brp SCs surrounded by colored lines
indicating alpha shapes. Gray dots represent unclustered localizations. Right: centers of mass (c.o.m.) of the AZ (cross) and of SCs (colored dots) are indicated.
A dashed line shows the Euclidean distance between the AZ c.o.m. and an SC c.o.m., referred to as radial distance. Scale bar 100 nm. (B) Chronic PHP (GluRIIAko)
decreases Brp SC area. Scatterplots of Ib AZs from control (ctrl) and GluRIIAko animals. (C) Compaction of RBP SCs at GluRIIAko AZs. Scatterplots of Ib AZs from
control (ctrl) and GluRIIAko animals. Reprinted from Mrestani et al. (2021). ***p < 0.001.

quantitative predictions, such as the hexameric arrangement of
Munc13 below docked SVs, or the position of synaptotagmin
on SVs (Rothman et al., 2017; Grushin et al., 2022) could
be experimentally tested. We should probably move from
whole mounts or currently used 1 µm thick tissue to thinner
sections, for these experiments. A section thicknesses of
50 nm or below, and thus in the range of the diameter of
individual SVs or even below, might be ideal. Perhaps even
serial sections or correlative light and electron microscopy
(CLEM) should be tested (Markert et al., 2016). Furthermore,
beyond inspections of individual SVs it may be instructive
to map the AZ scaffold further with millisecond resolution

during the SV cycle with single-molecule localization
microscopy (SMLM).

Next Generation Simulations
Models of SVs and AZs should be built considering all available
data and thus be reality based. With increasingly detailed
ultrastructural data for SV and AZ proteins the mesoscale,
bridging the atomic nanoscale and the cellular microscale, still
remains largely invisible (Goodsell et al., 2020). This shortcoming
can be addressed and we argued above how critical information
regarding copy number, localization, and orientation of key SV
and AZ proteins can be obtained with dSTORM. It appears
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the time is ripe for further measurements of activity dependent
protein rearrangements of SVs and AZs with SMLM. This
might in turn set the stage for next generation simulations
of chemical synapses with a more realistic protein nano-
architecture.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the animal study
because according to German regulation tissue was taken from
sacrificed animals.

AUTHOR CONTRIBUTIONS

MH and MP conceived, wrote, and revised the manuscript. Both
authors approved the submitted version.

FUNDING

This work was supported by the German Research Foundation
(DFG) project B06 of CRC166; P1 of FOR3004 SYNABS and by
the Interdisciplinary Clinical Research Center (IZKF) Würzburg
project N-229 to MH.

ACKNOWLEDGMENTS

We thank F. Köhler and M. Oppmann for excellent technical
assistance and K. Lippmann for comments on the manuscript.

REFERENCES
Borges-Merjane, C., Kim, O., and Jonas, P. (2020). Functional electron microscopy,

"flash and freeze," of identified cortical synapses in acute brain slices. Neuron
105, 992.e–1006.e. doi: 10.1016/j.neuron.2019.12.022

Brunger, A. T., Choi, U. B., Lai, Y., Leitz, J., and Zhou, Q. (2018). molecular
mechanisms of fast neurotransmitter release. Annu. Rev. Biophys. 47, 469–497.
doi: 10.1146/annurev-biophys-070816-034117

Chang, S., Trimbuch, T., and Rosenmund, C. (2018). Synaptotagmin-1 drives
synchronous Ca2+-triggered fusion by C2B-domain-mediated synaptic-
vesicle-membrane attachment. Nat. Neurosci. 21, 33–40. Epub 2017 Dec 11.
doi: 10.1038/s41593-017-0037-5

Ehmann, N., Sauer, M., and Kittel, R. J. (2015). Super-resolution microscopy of the
synaptic active zone. Front. Cell. Neurosci. 9:7. doi: 10.3389/fncel.2015.00007

Ehmann, N., van de Linde, S., Alon, A., Ljaschenko, D., Keung, X. Z.,
Holm, T., et al. (2014). Quantitative super-resolution imaging of bruchpilot
distinguishes active zone states. Nat. Commun. 5:4650. doi: 10.1038/ncomms
5650

Éltes, T., Kirizs, T., Nusser, Z., and Holderith, N. (2017). Target cell type-dependent
differences in Ca2+ channel function underlie distinct release probabilities at
hippocampal glutamatergic terminals. J. Neurosci. 37, 1910–1924. doi: 10.1523/
JNEUROSCI.2024-16.2017

Goodsell, D. S., Olson, A. J., and Forli, S. (2020). Art and science of the cellular
mesoscale. Trends Biochem. Sci. 45, 472–483. doi: 10.1016/j.tibs.2020.02.010

Grushin, K., Kalyana Sundaram, R. V., Sindelar, C. V., and Rothman, J. E. (2022).
Munc13 structural transitions and oligomers that may choreograph successive
stages in vesicle priming for neurotransmitter release. Proc. Natl. Acad. Sci.
U.S.A. 119:e2121259119. doi: 10.1073/pnas.2121259119

Gundelfinger, E. D., Reissner, C., and Garner, C. C. (2016). Role of bassoon and
piccolo in assembly and molecular organization of the active zone. Front.
Synaptic Neurosci. 7:19. doi: 10.3389/fnsyn.2015.00019

Hagiwara, A., Fukazawa, Y., Deguchi-Tawarada, M., Ohtsuka, T., and Shigemoto,
R. (2005). Differential distribution of release-related proteins in the
hippocampal CA3 area as revealed by freeze-fracture replica labeling. J. Comp.
Neurol. 489, 195–216. doi: 10.1002/cne.20633

Imig, C., López-Murcia, F. J., Maus, L., García-Plaza, I. H., Mortensen, L. S.,
Schwark, M., et al. (2020). Ultrastructural imaging of activity-dependent
synaptic membrane-trafficking events in cultured brain slices. Neuron 108,
843.e–860.e. doi: 10.1016/j.neuron.2020.09.004

Indriati, D. W., Kamasawa, N., Matsui, K., Meredith, A. L., Watanabe, M.,
and Shigemoto, R. (2013). Quantitative localization of Cav2.1 (P/Q-type)
voltage-dependent calcium channels in Purkinje cells: somatodendritic gradient
and distinct somatic coclustering with calcium-activated potassium channels.
J. Neurosci. 33, 3668–3678. doi: 10.1523/JNEUROSCI.2921-12.2013

Kusick, G. F., Chin, M., Raychaudhuri, S., Lippmann, K., Adula, K. P., Hujber,
E. J., et al. (2020). Synaptic vesicles transiently dock to refill release sites. Nat.
Neurosci. 23, 1329–1338. doi: 10.1038/s41593-020-00716-1

Li, S., Raychaudhuri, S., Lee, S. A., Brockmann, M. M., Wang, J., Kusick, G.,
et al. (2021). Asynchronous release sites align with NMDA receptors in mouse
hippocampal synapses. Nat. Commun. 12:677. doi: 10.1038/s41467-021-21
004-x

Lichter, K., Paul, M. M., Pauli, M., Schoch, S., Kollmannsberger, P., Stigloher, C.,
et al. (2022). Ultrastructural analysis of wildtype and RIM1α knock-out active
zones in a large cortical synapse. [Preprint]biorxiv 2022.03.04.482996

Löschberger, A., Franke, C., Krohne, G., van de Linde, S., and Sauer, M. (2014).
Correlative super-resolution fluorescence and electron microscopy of the
nuclear pore complex with molecular resolution. J. Cell. Sci. 127, 4351–4355.
doi: 10.1242/jcs.156620

Löschberger, A., van de Linde, S., Dabauvalle, M. C., Rieger, B., Heilemann, M.,
Krohne, G., et al. (2012). Super-resolution imaging visualizes the eightfold
symmetry of gp210 proteins around the nuclear pore complex and resolves
the central channel with nanometer resolution. J. Cell. Sci. 125, 570–575. doi:
10.1242/jcs.098822

Markert, S. M., Britz, S., Proppert, S., Lang, M., Witvliet, D., Mulcahy, B., et al.
(2016). Filling the gap: adding super-resolution to array tomography for
correlated ultrastructural and molecular identification of electrical synapses at
the C. elegans connectome. Neurophotonics 3:041802. doi: 10.1117/1.NPh.3.4.
041802

Mrestani, A., Pauli, M., Kollmannsberger, P., Repp, F., Kittel, R. J., Eilers,
J., et al. (2021). Active zone compaction correlates with presynaptic
homeostatic potentiation. Cell Rep. 37:109770. doi: 10.1016/j.celrep.2021.10
9770

Nagwaney, S., Harlow, M. L., Jung, J. H., Szule, J. A., Ress, D., Xu, J., et al. (2009).
Macromolecular connections of active zone material to docked synaptic vesicles
and presynaptic membrane at neuromuscular junctions of mouse. J. Comp.
Neurol. 513, 457–468. doi: 10.1002/cne.21975

Newman, Z. L., Bakshinskaya, D., Schultz, R., Kenny, S. J., Moon, S., Aghi, K.,
et al. (2022). Determinants of synapse diversity revealed by super-resolution
quantal transmission and active zone imaging. Nat. Commun. 13:229. doi: 10.
1038/s41467-021-27815-2

Pauli, M., Paul, M. M., Proppert, S., Mrestani, A., Sharifi, M., Repp, F., et al.
(2021). Targeted volumetric single-molecule localization microscopy of defined
presynaptic structures in brain sections. Commun. Biol. 4:407. doi: 10.1038/
s42003-021-01939-z

Rizo, J. (2022). Molecular mechanisms underlying neurotransmitter release. Annu.
Rev. Biophys. 51, 377–408. doi: 10.1146/annurev-biophys-111821-104732

Rothman, J. E., Krishnakumar, S. S., Grushin, K., and Pincet, F. (2017).
Hypothesis - buttressed rings assemble, clamp, and release SNAREpins for

Frontiers in Synaptic Neuroscience | www.frontiersin.org 4 May 2022 | Volume 14 | Article 901341

https://doi.org/10.1016/j.neuron.2019.12.022
https://doi.org/10.1146/annurev-biophys-070816-034117
https://doi.org/10.1038/s41593-017-0037-5
https://doi.org/10.3389/fncel.2015.00007
https://doi.org/10.1038/ncomms5650
https://doi.org/10.1038/ncomms5650
https://doi.org/10.1523/JNEUROSCI.2024-16.2017
https://doi.org/10.1523/JNEUROSCI.2024-16.2017
https://doi.org/10.1016/j.tibs.2020.02.010
https://doi.org/10.1073/pnas.2121259119
https://doi.org/10.3389/fnsyn.2015.00019
https://doi.org/10.1002/cne.20633
https://doi.org/10.1016/j.neuron.2020.09.004
https://doi.org/10.1523/JNEUROSCI.2921-12.2013
https://doi.org/10.1038/s41593-020-00716-1
https://doi.org/10.1038/s41467-021-21004-x
https://doi.org/10.1038/s41467-021-21004-x
https://doi.org/10.1242/jcs.156620
https://doi.org/10.1242/jcs.098822
https://doi.org/10.1242/jcs.098822
https://doi.org/10.1117/1.NPh.3.4.041802
https://doi.org/10.1117/1.NPh.3.4.041802
https://doi.org/10.1016/j.celrep.2021.109770
https://doi.org/10.1016/j.celrep.2021.109770
https://doi.org/10.1002/cne.21975
https://doi.org/10.1038/s41467-021-27815-2
https://doi.org/10.1038/s41467-021-27815-2
https://doi.org/10.1038/s42003-021-01939-z
https://doi.org/10.1038/s42003-021-01939-z
https://doi.org/10.1146/annurev-biophys-111821-104732
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/synaptic-neuroscience#articles


fnsyn-14-901341 May 18, 2022 Time: 6:32 # 5

Heckmann and Pauli Visualizing AZs and SVs

synaptic transmission. FEBS Lett. 591, 3459–3480. doi: 10.1002/1873-3468.
12874

Schuller, A. P., Wojtynek, M., Mankus, D., Tatli, M., Kronenberg-Tenga, R., Regmi,
S. G., et al. (2021). The cellular environment shapes the nuclear pore complex
architecture. Nature 598, 667–671. doi: 10.1038/s41586-021-03985-3

Silva, M., Tran, V., and Marty, A. (2021). Calcium-dependent docking of synaptic
vesicles. Trends Neurosci. 44, 579–592. doi: 10.1016/j.tins.2021.04.003
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