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Neurons are arguably among the most morphologically 
complex cells of living organisms, often stretching over 
hundreds of microns, if not metres. To cope with their 
unique cell-to-cell communication abilities and spatial 
spread, neurons have evolved specific dynamic organi-
zations and subcellular differentiations, such as dendritic 
spines, axon initial segments or growth cones, to sustain 
particular functions. Within the nervous system, other 
cell types, such as astrocytes, also exhibit particularly 
complex morphologies adapted to their specific func-
tions and co-organization with neurons. The nanoscale 
subcellular organization of neurons or other brain cells 
as well as the trafficking of elements between subcellu-
lar compartments has emerged as a set of fundamental 
properties that govern their function. Synapses, and 
particularly dendritic spines and associated presynaptic 
terminals that host most excitatory transmission, exhibit 
a particularly complex nanoscale organization both at 
the level of the postsynaptic receptor organization and 
at the level of compartmentalization of the presynaptic 
release machinery1–3. The complexity of this subsynaptic 
organization is increased by the recent discovery of the 
presynaptic and postsynaptic co-organization through 
nanocolumns4–7. The axon initial segment is another 

neuronal subdomain that exhibits a peculiar nanos-
cale organization on par with its function in initiation 
of action potentials8. At these functionally specialized 
sites, the actin cytoskeleton and associated proteins are 
uniquely organized in periodic structures, likely allow-
ing axons, dendrites and spine necks to withstand the 
peculiar mechanophysical constraints arising from 
their huge length-to-diameter ratio9–12. The functional 
synergy between neurons and astrocytes at the level 
of the tripartite synapse has led to the evolution of a 
peculiar arrangement of these cells in space13. These 
are a few examples of the specific organizational prop-
erties of brain cells. Some of them, such as the peculiar 
morphology of spines, were recognized early on, even 
from the extraordinary morphological descriptions by 
Ramon y Cajal14. Others, such as the nanoscale organ-
ization of receptors or the actin cytoskeleton, were dis-
covered only recently, as a result of the development 
of new super-resolution imaging (SRI) and labelling 
technologies15,16.

In parallel to their striking morphology and long- 
range connectivity, brain cells, and particularly neu-
rons, have evolved a set of unique functional properties 
that support their role in fast and parallel information 
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processing by the brain. These include, first and fore-
most, exquisitely regulated excitability, fast transmitter 
release and signal integration. These processes, which 
allow the amazing computing power of neurons and 
neuronal networks, are made possible by the complex-
ity of biophysical properties, protein biosynthesis and 
post-translational modifications, and the specialized 
trafficking and spatial arrangement of ion channels, 
receptors, adhesion proteins and signalling machinery. 
In our view, one of the major advances of the last couple 
of decades is the discovery of the extreme complexity, 
regulation and intermingling of the various trafficking 
pathways of receptors, and more generally membrane 
proteins, as well as the exquisite nanoscale organiza-
tion of the proteins involved in specializing neuronal 
function. While holes remain in our understanding of 
the dynamics of membranes, proteins and signalling 
cascades and the roles of these dynamics in brain cell 
function, recent progress has been immense as a result 
of advances in the development of various biosensors 
and live imaging methods (Boxes 1,2).

In this article, we review the most recent methodolog-
ical and technological advances that now allow us to label 
and report the localization and function of various tar-
gets at different scales, from nanoparticles to organic dyes 
and fluorescent proteins (Fig. 1). Throughout the Review, 
we will concentrate on methods that have been applied in 
the nervous system and highlight how they have helped 
increase our understanding of brain function.

Labelling approaches
The first step to measure the localization or function of a 
given target in cells is to label it with an adequate reporter. 
Label-free imaging approaches have been developed, 
such as differential interference contrast microscopy, 
phase contrast microscopy and coherent anti-Stokes 

Raman scattering microscopy (a dye-free method 
which images structures by displaying the character-
istic intrinsic vibrational contrast of their molecules).  
They, however, lack the target specificity often required 
in biological questions and are not reviewed here. We 
focus on labelling approaches for imaging, which mostly 
require two distinct components: a reporter and a han-
dle to attach it to the desired target. We review these  
separately in the following two sections.

Fluorescent labels
Fluorescence microscopy is by far the most commonly 
used approach for imaging the localization, function or 
activity of biological targets. As most endogenous mole-
cules, such as proteins, sugars, lipids or nucleic acids, lack 
intrinsic exploitable fluorescence properties, observing 
them requires the addition of a fluorescent module, 
which can be in the form of particles, organic dyes or 
fluorescent proteins.

Single particles. Nanoparticles, or formerly micropar-
ticles, were among the first objects used to report the 
localization of targets in cells, particularly for immu-
nohistochemistry experiments in electron microscopy 
or for live tracking of surface protein dynamics17. Gold 
nanoparticles of a few nanometres are routinely used for 
immunolabelling in electron microscopy. In the past, 
40-nm gold nanoparticles were used for single-particle 
tracking of surface membrane proteins or lipids with 
differential interference contrast imaging17. They have 
now been replaced by smaller fluorescent nanoparti-
cles, such as quantum dots18, nanodiamonds19 and more 
recently dye-labelled DNA origamis20. Quantum dots 
and nanodiamonds are around 5-nm single fluorescence 
emitters that are extremely resistant to photobleaching. As 
for all nanoparticles, their use is limited by their poor 
penetration ability in confined environments such as 
tissues or intracellular space in addition to their deli-
cate surface chemistry, which renders complex their 
coupling to a target. The development of new, smaller 
quantum dot complexes may overcome this limitation21, 
although their failure to detect a sizeable population of 
mobile AMPA receptors (AMPARs) seems at odds with 
most other studies3. More recently, single-walled car-
bon nanotubes, due to their strong optical resonances 
in the near infrared, brightness and photostability, have 
proven to be useful single-molecule probes for intra-
cellular single-molecule tracking in cultured cells and 
long-term single-molecule tracking at depth in living 
brain tissue22,23.

Organic dyes. Small organic fluorescent molecules are 
commonly used with affinity probes to functionalize and 
endow them with the required properties for imaging. 
They benefit from their small size and photophysical 
properties such as brightness and photostability, espe-
cially in comparison with genetically encoded fluores-
cent proteins. Their synthetic nature provides access to 
a wide range of chemical modifications for conjugation 
to probes or targets. Importantly, their nature constitutes 
an efficient platform to rationally tune, improve and 
adapt their properties for various imaging techniques.

Box 1 | Genetically encoded biosensors

Conversion of fluorescent proteins into biosensors has revolutionized cell signalling 
metrology, opening access to live spatio-temporal mapping of subcellular activity. 
Three main categories of modifications have been used:

1.   optimization of the fluorescent protein’s intrinsic environment sensitivity. This has 
allowed, for example, the development of pH sensors such as superecliptic pHluorin 
(Sep), a GFp variant257 quenched at acidic pH and used to measure membrane 
trafficking such as vesicle endocytosis and exocytosis or specifically report 
surface-expressed membrane proteins, due to the acidity of most intracellular 
compartments258.

2.   Fluorescent protein-based Förster resonance energy transfer sensors. linking 
two spectrally compatible fluorescent proteins through an activity-dependent 
sensory module was initially applied to detect calcium using calmodulin and m13 
(reF.259). This concept has been widely extended to detect a flurry of signalling 
cascades260.

3.   Conformational and spectral modulation of fluorescent proteins via coupling to  
a sensory module. Circular permutation has been a useful approach to directly 
connect the fluorescent protein’s fluorescent core to the conformational response  
of a sensor derived from channels for voltage sensors, calcium ligands in the GCamp 
series or ligand-binding modules to sense neurotransmitters (reviewed in261).

of note, other fluorescent scaffolds, such as microbial opsins, have been evolved as 
biosensors, for example as genetically encoded voltage indicators that can achieve 
single action potential and subcellular resolution262,263. Finally, besides their main 
application for cellular activity photocontrol, optogenetics approaches have also 
recently been used to generate light-responsive activity reporters264–266.

Quantum dots
semiconductor particles  
a few nanometres in size  
having optical and electronic 
properties that differ from 
those of larger particles due  
to quantum mechanics.

Nanodiamonds
Diamond nanoparticles  
smaller than 1 µm.

Photobleaching
The photochemical alteration of 
a dye or a fluorophore molecule 
such that it is permanently 
unable to fluoresce.
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As stability and brightness are two essential param-
eters for fluorescence imaging applications, and in par-
ticular SRI, there has been a constant effort to develop 
improved organic dyes24,25. This has led to the recent 
development of improved rhodamine derivatives 
(JF series dyes26, silicon rhodamine27,28, diarylethenes29 
and squaraine derivatives30,31). In addition to chemical 
modifications to increase stability, nucleic acid engi-
neering has also been used recently to finely control the 
organization of multiple organic dyes copies and avoid 
counterproductive quenching effects32. The develop-
ment of strongly fluorogenic dyes, whose fluorescence 
is enhanced or ‘turned on’ in response to changes in the 
local environment such as target binding, constitutes 
an efficient approach to simplify labelling procedures 
by providing a high signal-to-noise ratio with minimal 
washes of excess reagents33–36.

Besides these fundamental photophysical parame-
ters, synthetic fluorophores can also be used and modi-
fied to incorporate efficient ‘on–off ’ switching properties 
required for single-molecule localization microscopy 
(SMLM)25,37. Cyanine dyes were among the first fluoro-
phores to be used for their intrinsic photoswitching 
between fluorescent and non-fluorescent states in con-
trolled redox conditions25,38. As an alternative, chemical 
caging strategies have been used to generate photo-
activatable dyes that can be stochastically turned on by 
light39,40. More recently, a number of new spontaneously 
blinking dyes have been described with kinetics compat-
ible with SMLM applications35,41–43. Finally, as a general 
alternative to the exploitation of dye photoswitching 
properties, the labelling method itself can also be used 
to sequentially detect single emitters by using a renew-
able low labelling density (like in point accumulation for 

imaging in nanoscale topography (PAINT)44,45) and/or 
exchangeable probes (like in DNA-PAINT46,47 or IRIS48).

While the primary utility of fluorescent organic dyes is 
principally to allow localization of a molecular target, they 
can also be adapted to report on the presence of a chemi-
cal cue associated with a biological process. For instance, 
pH sensitivity can be used to monitor neuronal exocytosis 
and endocytosis events49,50, calcium sensors can be used to 
detect synaptic activity51,52 or voltage sensors can be used 
to monitor membrane potential dynamics53,54.

Fluorescent proteins. The use of fluorescent proteins 
constitutes the most popular tagging strategy for 
live-cell imaging55. As they are genetically encoded, they 
have been extensively used for fusion to target proteins 
for imaging of living cells as well as whole organisms. 
Since the discovery of GFP, numerous efforts have been 
made to improve their overall properties (folding and 
chromophore maturation, oligomerization, photostability 
and intensity, and so on), leading to a constantly growing 
list of fluorescent protein variants that span the visible 
and near-infrared spectrum. Recent developments in 
the field of fluorescent protein evolution and engineer-
ing include improved green and red emitters such as 
mNeonGreen56, mClover3 (reF.57) and mScarlet58. The 
quest for longer-wavelength-emitting fluorescent pro-
teins, better suited for deep tissue imaging, has led to 
bacterial phytochrome-derived efficient emitters in the 
near-infrared region59,60. Recent reviews55, comparative 
studies61,62 and online databases such as FPbase63 provide 
updated overviews of the currently available fluorescent 
proteins and their respective properties.

Phototransformable fluorescent proteins, whose flu-
orescence can be regulated by light, represent a subclass 
essential for a number of SRI techniques25,37,64,65. They can 
be subdivided in two main classes on the basis of their 
response to light: photoactivatable and photoswitchable 
fluorescent proteins for SMLM (for example, mEos3.2 
(reF.66), mMaple3 (reF.67) and pcStar68) and reversibly 
photoswitchable fluorescent proteins for ensemble SRI 
techniques such as reversible saturable optical fluores-
cence transition (RESOLFT) microscopy (for example, 
Skylan-NS69 and rsFusionRed70). In this specific field, 
given the complexity of protein architecture, a better 
understanding of the molecular mechanisms under-
lying the light-induced chromophore transforma-
tion will be essential to develop the next generation of 
photocontrollable fluorescent proteins for SRI71,72.

Finally, as SRI is highly dependent on photon budget 
(that is, the number of photons that a fluorophore can con-
tribute to the experiment), it is key to aim at improving the 
photophysics of emitters regardless of their nature. While 
this can partially be achieved rationally for synthetic 
particles and organic dyes26,32,36, the complex network of 
intramolecular interactions of fluorescent proteins sig-
nificantly hampers most rational approaches. As a result, 
most progress in that field has been achieved via directed 
evolution72,73, which is more difficult to implement for 
SMLM-related fluorescent proteins as the screens need to 
be performed at the single-molecule level to access rele-
vant parameters. In this general context, improvements 
in the way fluorophores are used and how the imaging 

Photoswitching
Modification of the structure  
of a compound by light, 
especially when accompanied 
by a change in function.

Chromophore maturation
The post-translational  
process through which the 
chromophore of fluorescent 
proteins is formed.

Phytochrome
A class of photoreceptors  
in plants, bacteria and fungi 
used to detect light.

Box 2 | Increasing the spatio-temporal precision of labelling methods

The need for efficient spatiotemporal targeting of probes and labelling methods has 
emerged in parallel to their development. Beyond labelling specific molecules, being 
able to target fluorescent reporters to identified brain regions, cell types or subcellular 
compartments in a timely fashion is mandatory for their optimal use, particularly for 
in vivo contexts. Genetically encoded tools are the best choice for this aim. They can  
be targeted to specific brain regions by stereotaxic injections of viral particles. Adeno- 
associated viruses and lentiviruses are the current vectors of predilection; they are, 
however, limited in packaging size below ~5 and 10 kb, respectively. New vectors able 
to package up to ~20 kb, such as adeno helper viruses267, may prove very useful. DNA 
in utero electroporation is largely used but lacks spatial and cell-type specificity.  
New Adeno-associated virus vectors with blood–brain barrier crossing ability268 allow 
targeting of the adult central nervous system by intravascular injections. Cell-specific 
expression can be achieved using floxed constructs with Cre recombinase-expressing 
animals or using cell-specific promoters269. The synapsin 1 promoter ensures efficient 
neuronal targeting without expression in glial cells270. Some promoters are able to  
limit transgene expression to one type of neuron only. For example, the Hb9 (also 
known as Mnx1) and Vglut2 (also known as Slc17a6) promoters and the mouse Dlx 
enhancer restrict transgene expression to motor271, glutamatergic272 and GABAergic273 
neurons, respectively. Subcellular targeting of biosensors can be achieved by fusion  
to adequate sequences: the endoplasmic reticulum retention signal KDel, the amino- 
terminal targeting signal of human cytochrome c oxidase subunit viii for mitochondria, 
the nuclear localization signal, plasma membrane-anchoring motifs such as lipidation 
tags and fusion to presynaptic (SNAp25, synaptophysin and synaptobrevin) or 
postsynaptic proteins (β-actin, homer or pSD95) (reviewed in reF.274). precise timing  
of labelling is best achieved by photocontrol of binding reactions, while slower 
temporal control of biosensor expression is performed with tetracycline-controlled 
transcriptional activation.
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methods are implemented constitutes an equally impor-
tant research axis as exemplified by the optimization 
of direct stochastic optical reconstruction microscopy 
(dSTORM) buffers for cyanine dyes74,75 or for illumination 
protocols for mEos4 to minimize unwanted blinking76.

Labelling techniques
In this section we review the various approaches that 
can be used to label proteins of interest with the fluo-
rescent probes presented in the previous section (Fig. 2). 
There are essentially two options to label proteins (Fig. 3). 
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Fig. 1 | Multiscale imaging in neuroscience. a | The different levels of 
complexity of the structures composing the brain are shown from the whole 
brain down to the molecular level, going through the neural network and 
synaptic levels. b | The main fluorescence microscopy techniques used in 
neuroscience, with the corresponding range of spatial (blue) and temporal 
(red) scales over which these techniques can operate. They are listed by 
order of highest achievable spatial resolution, from top to bottom. The 
dashed blue line shows the greatest diffraction-limited resolution that light 
microscopy can achieve. c | Examples of fluorescence microscopy images 
at different scales. Far left: whole clarified brain acquired by selective plane 
illumination microscopy (SPIM)204. Centre left: neuronal network acquired 
by SPIM205. Centre right: dendritic spine visualized by stimulated emission 

depletion (STED) super-resolution microscopy120. Far right: multimodal 
super-resolution microscopy showing the overlay of synaptic receptor 
trajectories reconstructed by universal point accumulation for imaging in 
nanoscale topography (uPAINT), postsynaptic density reconstructed by 
photoactivation localization microscopy and dendritic spine acquired 
by STED microscopy120. 2PM, two-photon microscopy; 3PM, three- 
photon microscopy; CLSM, confocal laser scanning microscopy;EM, 
electron microscopy; SIM, structured illumination microscopy; SMLM, 
single-molecule localization microscopy. Part c (far left) adapted with 
permission from reF.204, Elsevier. Part c (centre left) adapted from reF.205, 
Springer Nature Limited. Part c, centre right and far right adapted from 
reF.120, Springer Nature Limited.
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The first one consists of using a molecule functional-
ized with a fluorophore that recognizes and binds the 
targeted endogenous protein. The second one relies 
on a genetic modification of the protein of interest 
that results in fusion either to an intrinsically fluo-
rescent protein or to a domain or short sequence that 
will provide access to a generic and efficient labelling 
method. Both approaches have their advantages and 
disadvantages, depending on the biological context. 
Progress in SRI has incidentally created a pressing need 
for improved and adapted labelling techniques to fully 
benefit from the gain in resolution. Indeed, the quality 
and biological relevance of the SRI data will be highly 
dependent on the capacity to efficiently match the den-
sity of the protein of interest with a fluorophore situated 
as close as possible to its target while ensuring minimal 
impact on its function.

Affinity labelling of endogenous proteins. Affinity-based 
labelling approaches are best exemplified by the use of 
antibodies. Typically used in primary–secondary anti-
body immunolabelling strategies, they allow the detection 
of unmodified endogenous proteins in fixed condi-
tions, or in live cells when the epitope is extracellular. 
The possibility to use secondary antibodies selective for  

the primary antibody species or subclass conveniently 
allows simultaneous labelling and imaging of multiple 
targets (approximately two to four) in the same biolog-
ical sample. Recent developments have increased these 
multiplexing capacities (to more than 10) by using 
DNA-PAINT47 or sequential labelling strategies77.

However, a number of antibody features (production, 
large size and multivalency) make them suboptimal for 
applications such as those that require access to targets in 
confined environments or for SRI78. This has spurred the 
development of antibody fragments such as short-chain 
variable fragment (scFv), nanobodies, Vhh and their 
synthetic variants or nucleic acid-derived aptamers79,80. 
Their size can be reduced by a factor of about 10 com-
pared with the size of an antibody, and they can usually 
be easily produced and chemically or genetically mod-
ified. Recent examples of the use of synthetic antibody 
fragments or synthetic variants for the investigation of 
neuronal proteins include endogenous targets such as 
PSD95 (reFs81,82), HOMER1 (reF.83), α-synuclein84 and 
syntaxin 1A85. While the list of small synthetic antibody 
mimics targeting neuronal proteins is expanding at a 
fast pace, their number and availability are still limited 
compared with the large catalogue of antibodies. In this 
context, the use of nanobodies86 or Fc-binding domains87 

Nanobodies
single-domain antibody 
fragments consisting of  
a monomeric variable  
antibody domain.

Aptamers
oligonucleotide or peptide 
molecules that bind to a 
specific target molecule.
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Fig. 2 | Comparison of probes used for protein labelling. Left: Molecular 
structures of common affinity probes, tags (genetic fusions), organic dyes 
and representative neuronal targets all represented on the same scale.  
To image affinity probes, these are generally further functionalized with 
particles (not shown, from ~5 nm to a few tens of nanometres), fluorescent 
proteins or organic dyes. Affinity probes can either be developed against 
any protein target or be specific for a molecular target (specified in 
parentheses). Genetic fusion tags either are intrinsically fluorescent 
(fluorescent proteins) or require the addition of a fluorescent or fluorogenic 
module. Right: Illustrative neuronal targets consist of glutamate receptors, 
adhesion protein complex and scaffold proteins (dashed lines represent the 
non-resolved part of the complexes) represented in the confined 
environment of the synaptic cleft (~20–25 nm). The respective sizes of the 
various probes and targets in their biological context provide insights 

into the impact of the labelling strategy on parameters such as target 
accessibility, labelling density, distance between the fluorophore and the 
target (or linkage error) and impact on target function. Structures were 
obtained from the Protein Data Bank (IgG antibody, 1IGT; monovalent 
antibody fragment (Fab), 6NJM; single-chain variable fragment (scFv), 6J9O; 
single-domain antibody or nanobody (Vhh), 3G9A; monomeric streptavidin 
(mSA), 4JNJ; monobody, 3K2M; phalloidin, 6T25; fluorescent protein 
(GFP), 3G9A; fluorogen-based probe (FBP) FAST, 1NWZ; SNAP-Tag, 3KZY; 
HaloTag, 5UY1; epitope tag, 5IVN; trans-cyclooct-2-ene-derived lysine 
(TCO*Lys), 6AAO; AMPA receptor (AMPAR) complex, 6NJM; NMDA receptor 
(NMDAR), 6MMA; neuroligin (NLGN)–neurexin (NRXN) complex, 3BIW; 
scaffold protein (PSD95), derived from 2XKX, 3GSL, 3JXT, and 1JXO).  
BG, benzylguanine; 10-mer, 10-base oligonucleotide; Tz, tetrazine; uAA, 
unnatural amino acid.

NATure reviewS | NeuRoSCIeNCe

R e v i e w s

  volume 22 | April 2021 | 241



0123456789();: 

that target antibodies constitutes a smaller alternative to 
classic secondary antibodies.

Small-molecule binders can also be used to target  
endogenous proteins. They differ from the previ-
ous tools in the sense that they are usually derived 
either from natural binders of the protein of interest 

(for example, Lifeact88 or other fragments48) or from 
modulators (for example, SiR-actin and SiR-tubulin89). 
Impact on the targeted protein function is hence more 
frequent with this labelling strategy and may be an 
issue in live conditions. To minimize this effect, organic 
binders may be used as selective or specific anchors for 
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Fig. 3 | Comparison of common protein labelling strategies. Labelling can be achieved either directly on unmodified 
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proximity labelling strategies, in which the fluorophore 
is directly and selectively transferred/coupled onto the 
protein of interest90. This approach has been used, for 
instance, to label endogenous AMPARs91 or opioid 
receptors92.

Overall, affinity-based labelling methods are ideal for 
targeting endogenous proteins in fixed samples or for 
live imaging when an extracellular epitope is accessible. 
However, there is a limited number of targets for which 
these tools are available and even for those that exist, 
additional characterization (specificity and impact on 
function for live conditions) is required by the end users, 
especially when epitopes are not defined.

Genetically modified proteins. In contrast to the selec-
tivity and availability issues of the affinity-based label-
ling strategies, gene modification methods offer the 
advantages of being, in principle, applicable to any pro-
tein target and specific, as only the protein of interest 
is modified.

These approaches have been largely used via the 
incorporation of fluorescent proteins within the sequence 
of the protein of interest. Such strategies provide a direct 
1:1 labelling of the protein with access to direct moni-
toring or detection of interactions by Förster resonance 
energy transfer with standard fluorescent proteins, to 
selective detection with environment-sensitive fluo-
rescent proteins or to SMLM applications with photo-
switchable fluorescent proteins55. One of the main 
advantages of the use of fluorescent protein fusions is 
their ease of implementation and full compatibility with 
live cell studies (Box 1).

However, as discussed earlier, all fluorescent proteins 
have suboptimal photophysical properties compared 
with organic dyes, which may limit their applications. 
Hence, there has been strong interest in developing 
methods that combine both the advantages of geneti-
cally modified proteins and those of more robust flu-
orescent probes. For tracking purposes, strategies to 
recruit in situ multiple fluorescent proteins to array 
tags via high-affinity interactions have been developed 
(SunTag93 or ArrayG/N94). Organic fluorophores are 
also used to specifically bind gene-encoded elements 
such as with fluorogen-based probes, which rely on the 
use of a domain fused to a protein of interest and that 
can bind a fluorogenic synthetic molecule to turn on its 
fluorescence33,95. Another example of such a strategy is 
illustrated by the use of genetic fusion of self-reacting 
enzymes which have been engineered to react and cre-
ate a covalent bond with a small-molecule substrate that 
can be derivatized with a fluorescent dye. Such systems 
include SNAP-tag and HaloTag96–98, for which a variety 
of the corresponding ligand are available coupled to dif-
ferent fluorophores in cell-permeant or cell-impermeant 
versions26,28. The large size of the aforementioned tags 
(~20–30 kDa) and the need to remove the excess of 
unreacted dyes for self-reacting enzymes (eventually 
minimized by the use of fluorogenic dyes) constitute 
trade-offs for these approaches.

The need for less bulky and less perturbing fusion 
modules has sparked the use of affinity tags to bene-
fit from robust pre-existing labelling systems that can 

be readily implemented and transposed to any protein 
targets. Also commonly used for immunoprecipitation 
studies, HA, MYC, Flag and V5 tags are example of tags 
derived from identified epitopes of non-eukaryotic ori-
gin for which specific and robust antibodies exist99,100. 
They benefit from the small size of the tag (down to 
a few tens of amino acids), which, compared with the 
300 amino acids of fluorescent proteins, minimizes 
the impact of the genetic fusion. Similarly to the trend 
of developing direct affinity-based labelling of endog-
enous proteins, antibody fragments are also being 
increasingly used in this context because of their numer-
ous advantages. The trend started with the use of the 
nanobody against GFP to provide access to other SRI 
modalities such as SMLM to already available fluores-
cent protein fusions101. Such systems have recently been 
expanded to shorter sequences102,103 and common affin-
ity tags with the recent report of a stable scFv against 
the HA tag104.

In parallel, other affinity tags or probe systems that 
do not rely on antibodies or their fragments have also 
been developed; for example, the use of His-tag with 
Tris-NTA (nitrilotriacetic acid)-derived probes105 or the 
biotin-acceptor peptide or AviTag, which can be easily 
biotinylated with a bacterial biotin ligase to allow label-
ling with fluorescent streptavidin derivatives such as 
monovalent variants106 or monomeric variants78.

Finally, recent progress in the use of genetic repro-
gramming approaches in eukaryotic cells now allows 
some applications to incorporate unnatural amino 
acids inside a protein of interest107,108. This minimal 
modification of the target, compared with the use of a 
larger tag, can be used to insert a chemical handle for 
in situ site-specific conjugation of a fluorophore with fast 
kinetics click chemistry reactions (for example, inverse 
electron-demand Diels–Alder reaction (iEDDA) with 
trans-cyclooct-2-ene/tetrazine ligation)109,110.

One of the main drawbacks of the aforementioned 
approaches is that they are usually not performed on 
endogenous proteins. Indeed, for instance, transient 
transfection of the modified protein will afford only poor 
control of its expression level, resulting most of the time 
in overexpression. Replacement strategies with knock 
down of the wild-type protein and with expression of 
its modified version can reduce this effect. However, 
the most efficient strategy remains knock-in. In this 
context, the recent progress in gene editing with the use 
of the CRISPR–Cas9 system in postmitotic cells111–114 
constitutes a promising avenue (Box 2).

As described already, there is no perfect or universal 
labelling strategy as each has both benefits and limita-
tions or drawbacks (Fig. 3). A recent study by the group 
of Ries illustrates the respective performance of vari-
ous commonly used strategies, and in particular their 
effective labelling efficiency, which can range between 
20% and 70%115. In practice, the biological question 
and the protein target or targets will determine which 
strategies are the most suited. For instance, fluorescent 
protein fusions (or self-activating enzymes for brighter 
dyes) will constitute a preferred entry point for live or 
in vivo investigations, whereas for nanoscale mapping 
approaches on fixed samples, small synthetic or antibody 
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fragment-derived binders against endogenous targets 
when available or against short affinity tags will have 
better performance. Finally, for SRI applications, in com-
parison with other parameters, the labelling approach is 
often the least optimal and, in part due to the availability 
of reagents, efficient labelling arguably remains one of 
the main bottlenecks.

High-resolution imaging
SRI techniques
Brain synapses or axon initial segments are per-
fect examples of complex dynamic submicrometre 
protein-crowded entities that cannot be resolved 
by conventional light microscopy due to the limit of 
diffraction. Electron microscopy allowed for the first 
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time the observation of the ultrastructure of dendritic 
spines116, but does not provide access to live or simul-
taneous multitarget information. SRI, for the develop-
ment of which Betzig, Hell and Moerner were awarded 
the Nobel Prize in Chemistry in 2014 (reFs15,117), refers 
to optical methods capable of bypassing the physical 
diffraction barrier, which was predicted to be unbreak-
able more than a century ago by Abbé. Abbé’s theorem 
states that with a limited numerical aperture (NA) and 
a given wavelength (λ), the diffraction of light prohib-
its resolution of details smaller than 0.61λ/NA later-
ally and 2λ/NA2 axially, which in practice represents  
250 nm and 500 nm at best. This limit prevents visuali-
zation of most protein complexes organized in crowded 
environments, and has constrained researchers to use 
several different complementary imaging techniques, 
such as electron microscopy, fluorescence recov-
ery after photobleaching (FRAP), Förster resonance 
energy transfer (FRET) or single particle tracking to 
gather information on nanoscale protein organization 
and dynamics. However, while this diffraction barrier 
remains valid, the early twenty-first century has wit-
nessed a revolution with the advent of super-resolution 
optical microscopy, or SRI. By fine-tuning of the prop-
erties of fluorophores in time and space, SRI allows this 
physical limit to be overcome and spatial resolution 
down to the nanometre scale to be reached, bridging 
optical and electron microscopies (Fig. 4). A plethora 
of innovative techniques have been developed in the 
last 20 years, making it difficult for biologists to find 
their way and choose the most appropriate technique 
depending on the biological question.

SRI techniques can be classified into two main fam-
ilies, stochastic and deterministic, encompassing three 
major techniques: localization, depletion and structured 

illumination. These techniques all have their advantages 
and disadvantages in terms of spatial resolution and tem-
poral resolution, access to depth and compatibility with 
living samples, but also in terms of their simplicity of 
use and ability to provide quantitative information. They 
have been developed separately for many years, and have 
been used to answer different kinds of biological ques-
tions (see, for example, reFs16,118,119). A recent evolution 
seeking to combine their modalities120 and concepts121–123 
opens new opportunities to understand brain function. 
In the following sections we review the main techniques, 
how they contributed to major discoveries in neuro-
science and the challenges for imaging more complex 
biological systems with more details.

Stochastic techniques
Stochastic techniques refer to SMLM. They rely on the 
sequential stochastic activation or binding of sparsely 
distributed fluorophores followed by the analytical 
determination of their position. Pooling all the local-
izations on a single image allows reconstruction of 
the nanoscale organization of the labelled molecules. 
Resolution in SMLM is commonly defined by the 
accuracy of localization of single-molecule emitters to 
2.3σ/√N, where N is the number of photons detected 
per single-molecule event above the background and 
σ is the standard deviation corresponding to the point 
spread function profile124,125. With use of this definition, 
lateral resolution can reach below 15 nm when bright 
organic fluorophores such as Alexa Fluor 647 are used. 
However, other important parameters need to be con-
sidered at this level of resolution, such as the size of 
the fluorescent tag/probe or the labelling density126,127. 
Tracking single-molecule localizations over time and 
computing their diffusion properties — that is, how 
molecules explore the space over time (for example, 
Brownian/free diffusion, confined, superdiffusive and 
so on) — provides insights into their interactions with 
other partner proteins128,129. For its basic implementa-
tion, SMLM does not require complex instrumentation. 
A simple inverted widefield microscope equipped with 
highly inclined and laminated optical sheet illumination 
(HILO)130 allows imaging of neuronal cultures in the 
first-micrometre range from the coverslip. Moreover, 
by shaping the point spread function in the emission 
path, multiplane recording or interference-based 
approaches, one can retrieve the axial coordinate of 
the localized molecules with nanometre precision131–134. 
While conventional SMLM instrumentation remains 
simple compared with that required for other 
super-resolution microscopy techniques, SMLM relies 
on computer-intensive calculations to localize with the 
best accuracy millions of single-molecule events ran-
domly distributed over several tens of thousands of 
images. The last 10 years have witnessed the develop-
ment of a large number of free, open-source and com-
mercially available solutions to reconstruct the images, 
making it difficult for non-specialists to find their way. 
TABle 1 provides a non-exhaustive list of the most popu-
lar localization software solutions used in neuroscience. 
A more detailed list of localization software packages 
can be found in reF.135.

Fig. 4 | Main strategies used to control the emitting state of fluorescent probes  
for SRI applications. a | Structured illumination strategies can be applied to finely and 
spatially control the emission of standard fluorophores with, for example, two-photon 
microscopy (2PM) or various super-resolution imaging (SRI) techniques such as 
structured illumination microscopy (SIM) or stimulated emission depletion (STED) 
microscopy, or to convert reversibly phototransformable fluorescent proteins (FPs)  
in the fluorescent state used for imaging (depicted by the red halo; the green halo 
represents the basal fluorescent or non-fluorescent state) with reversible saturable 
optical fluorescence transition (RESOLFT) microscopy or saturated structured 
illumination microscopy (sSIM). λ denotes the wavelength of the light used for the 
photoconversion. b | Exploitation of the on–off switching properties of organic dyes  
or FPs is one of the strategies used in single-molecule localization microscopy (SMLM) 
to achieve imaging of individual fluorescent molecules. Phototransformable FPs  
or caged or photoactivatable organic dyes are typically used in photoactivation 
localization microscopy (PALM) to induce random fluorescent events (or stochastic 
emission), whereas stochastic optical reconstruction microscopy (STORM) relies on 
organic dyes that can be switched into a non-emissive state in a suitable environment 
(such as irradiation with high-energy radiation and buffer composition). Organic  
dyes that naturally exist in an equilibrium between a non-fluorescent state and  
a fluorescent state can also be used to spontaneously generate single emitters.  
In cases where the fluorophore does not cycle back to the non-emitting or basal  
state, photobleaching plays an important role in maintaining isolated single emitters.  
c | Point accumulation for imaging in nanoscale topography (PAINT) strategies rely  
on the fine control of the binding properties of fluorescent or fluorogenic probes.  
Fast binding rates (kon and koff) or continuous labelling at low probe concentration  
allow one to achieve a single-molecule emission regime for later super-resolved  
image reconstruction. 1PM, single-photon microscopy; dSTORM, direct stochastic 
optical reconstruction microscopy.
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Single-molecule localization imaging. Photoactivation 
localization microscopy (PALM) uses a photoactivata-
ble or photoconvertible fluorescent protein136,137, while 
STORM138 and dSTORM38 use organic fluorophores. 
DNA-PAINT46 is derived from the PAINT approach44 
and relies on the stochastic transient binding between 
a DNA strand coupled to an organic fluorophore with 
its complementary DNA strand targeted to the protein 
of interest (Fig. 4). Mostly because they are use organic 
fluorophores, STORM, dSTORM and DNA-PAINT are 
the approaches with the highest resolution. They, how-
ever, require specific media and are therefore poorly 
compatible with living cells. sptPALM combines PALM 
and single-particle tracking to track a large number of 
proteins139 and is ideally suited for living cells. It is, how-
ever, limited in resolution because fluorescent proteins 
are usually less bright and photostable than organic 
fluorophores, and because the proteins of interest need to 
be overexpressed (see, however, above the CRISPR–Cas9 
revolution that allows tagging of endogenous proteins). 
Universal PAINT (uPAINT) allows the high-density 
tracking of endogenous membrane proteins in live cells 
using organic fluorophores45 and is a good alternative 
and complementary approach to PALM.

SMLM has been widely used in neuroscience to study 
synapses, the initial segment or cytoskeleton organiza-
tion. A pioneering work was the observation of the 3D 
nanoscale organization of several presynaptic and post-
synaptic receptors in brain slices140. This was followed 
by a series of new discoveries in the field, revealing for 
the first time that freely diffusing postsynaptic recep-
tors are transiently immobilized in stable nanoclusters 
located at the postsynaptic density of excitatory81,141–145 

or inhibitory146,147 synapses, and that presynaptic and 
postsynaptic proteins are organized in nanocolumns5, 
possibly via the neuroligin–neurexin complex6. On 
the presynaptic side, SMLM allowed new insights to 
be obtained into receptor148–150 and calcium channel151 
dynamics or mechanisms for neurotransmitter release152. 
SMLM coupled with optogenetics allowed the impact of 
AMPAR nanoscale reorganization on synaptic function 
to be studied153.

SMLM has also played a central role in investigating 
the neuronal cytoskeleton, and actin molecules in par-
ticular. Single-molecule actin dynamics was first moni-
tored in dendritic spines from cultured neurons154,155 and 
growth cones156, and 180-nm periodic ring organization 
of actin and spectrin molecules in axons was observed 
for the first time with use of 3D STORM9,157. SMLM 
also resulted in important new findings on the dopa-
minergic neurotransmission mechanisms, allowing, for 
example, the quantitative characterization of dopamine 
transporter nanodomains modulated by short-term 
NMDA receptor activation158. On a somewhat larger 
scale, SMLM allowed imaging of the tripartite syn-
apses with neurons and astrocytes159 and volumetric 
super-resolution reconstruction of large brain volumes 
for mapping synaptic input fields of neurons160, and a var-
iation of single-particle tracking using single-nanotube 
tracking has revealed the nanoscale organization of the 
extracellular space in the live brain22.

Nanoscale quantitative analysis. SMLM techniques 
offer great promise for the precise quantification of 
protein stoichiometry in molecular complexes and pro-
tein dynamics on short timescales (milliseconds) and 

Table 1 | The most popular SMLM analysis software packages used in neuroscience

Name Purpose Availability Refs

Localization Tracking Visualization Clustering Segmentation Colocalization 2D 3D Free Commercial

DAOSTORM • – • – – – • • • – 160,241,248

QuickPALM • – • – – – • • • – 249

PICASSO • – • – – – • • • – 164,250

RapidSTORM • – • – – – • • • – 150

ThunderSTORM • – • – – – • • • – 251

MTT • • • – – – • – • – 163,252

PALMTracer • • • • – – • • • • 145,152,253

MATLAB • • • • – – • • • • 5,142

WaveTracer • • • – – – • •  – • 78,141, 

253

SRX • • • • – – • •  – • 159

NIS-Elements • – • – – – • •  – • 158,166

H-Ripley – – − • – – •  – • – 150

DBSCAN – – • • • – •  – • – 158,166,254

LAMA – – • – • • •  – • – 158,255

SR-Tesseler – – • – • • •  – • – 160,241,248

Coloc-Tesseler – – • – – • • • • – 249

VISP – – • – – – • • • – 164,250

Dots indicate the purpose and availability of the software listed. SMLM, single-molecule localization microscopy.
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long timescales (minutes to hours). Their pointillistic 
nature, in reference to pointillism, a painting technique 
developed in the nineteenth century in which small, 
distinct dots of colour are applied in patterns to form 
an image, led to the recent development of quantitative 
point-cloud analysis methods. Some of them have been 
used successfully in the field of neuroscience, providing 
new insights into the nanoscale spatio-temporal organ-
ization of various synaptic proteins146,158,161–166. However, 
while monitoring the dynamic behaviour of proteins at 
the single-molecule level using single-particle tracking 
followed by mean square displacement analysis is well 
established and broadly used, there is a new emerging 
field consisting in computing the nanoscale organiza-
tion from the point-cloud pattern. TABle 1 provides a 
non-exhaustive list of the most popular analysis soft-
ware in the recent field of cluster analysis for SMLM 
data. All these very promising methods are, however, 
still hampered by the complex photophysics of fluoro-
phores and labelling strategies, which prevent the precise 
determination of the copy number in nanoclusters or the 
long-term and short-term interactions of receptors with 
protein partners, a limit which we hope will be over-
come in the future through the development of new 
fluorophores and labelling strategies.

Deterministic techniques
Deterministic super-resolution approaches refer to the 
families of structured illumination microscopy (SIM), 
stimulated emission depletion (STED) microscopy 
and reversible saturable optical fluorescence transition 
(RESOLFT) microscopy (Fig. 5). In contrast to the stochas-
tic single-molecule techniques, deterministic techniques 
are bulk techniques relying on the precise spatio-temporal 
control of the fluorescent state of fluorophores obtained 
by structuring the excitation pattern119.

Structured illumination microscopy. SIM is an 
interference-based wide-field technique which allows 
one to computationally recover high frequencies from a 
series of striped-pattern illuminations at various angles 
and phases167,168. While it is limited to only 120-nm res-
olution at best, it offers subsecond temporal resolution 
with conventional fluorophores under physiological 
light exposure conditions, making it well suited to mon-
itor highly dynamic processes. Non-linear SIM169 allows 
this resolution limit to be overcome, providing ‘theo-
retically unlimited’ resolution like SMLM and STED 
microscopy, but has not been used much in biology and 
neuroscience in particular, mainly due to the complex-
ity of the illumination patterns and their sensitivity to 
sample-induced aberrations. Indeed, the main limits of 
SIM are sensitivity to photobleaching and optical aber-
rations. While very promising results have been obtained 
in cell biology to monitor highly dynamic 3D processes 
with high temporal resolution127, only a few applications 
in neuroscience can be found in the literature, such as 
the live imaging of actin in growth cones170 and axonal 
actin rings171 or the characterization of specialized active 
zone-like release sites on dopaminergic neurons172. One 
recent application demonstrated challenging in vivo 
super-resolution recording in mouse brain at several 

tens of micron depth using lattice light-sheet excitation 
and adaptive optics to correct for optical aberrations173.

STED and RESOLFT microscopy. STED micros-
copy is a scanning technique based on superposing a 
doughnut-shaped depletion beam and the excitation 
beam174,175. Since the depletion beam’s role is to trigger 
de-excitation of the fluorophore and prevent the emis-
sion of fluorescent light, increasing its intensity leads 
to a decrease of the emission of fluorescent light to a 
subdiffraction volume. While theoretically unlimited, 
the resolution is limited in practice by the number of 
photons collected to about 60–80 nm for biological 
sample observation. STED microscopy is a bulk flu-
orescence technique, and has been extensively used 
in neuro science. Its first major applications were the 
observation in fixed tissues of active zones patterns176, 
synaptic exocytosis mechanisms177 and syntaxin protein 
clustering178. The first live STED observations allowed 
the monitoring of vesicle trafficking in nerve terminals179 
and long-term imaging of synaptic morphology changes 
in tissue culture180,181 and in a living animal182.

Even though STED microscopy has been demon-
strated to be compatible with live-cell imaging183, it 
requires high excitation and depletion illumination 
intensities and is therefore more prone to induce pho-
tobleaching and photodamage. This is exacerbated in 
the case of fast live imaging in scanning mode, because 
reducing the dwell time of the laser on a given pixel for 
faster imaging has to be compensated by increasing 
the laser power. RESOLFT microscopy184 uses reversi-
ble photoswitchable fluorophores, greatly reducing the 
amount of light required to switch the molecules to a 
non-fluorescent state, allowing live imaging at a frame 
rate of several hertz185. Super-resolution shadow imaging 
(SUSHI), by staining of the extracellular space with flu-
orescent calcein, allows a negative imaging of neuronal 
processes, greatly reducing the phototoxicity by confin-
ing the production of harmful excitation products to the 
extracellular matrix186. Parallel STED microscopy, which 
is similar to the confocal spinning disc principle, allows 
the multiplexing of excitation/depletion beams, enabling 
video-rate imaging of live biological structures187,188.

High-resolution imaging in tissue
Imaging thick biological samples, such as tissues or 
whole brain, is challenging and comes with compro-
mises. Indeed, optical aberrations, light scattering, pho-
tobleaching and photodamage are examples of physical 
limitations that strongly impair live imaging and image 
quality. Bypassing the diffraction limit to access nano-
scale information becomes even more challenging in 
highly scattering tissue such as the brain.

Multiphoton microscopy. Imaging fine cellular structures 
such as dendritic spines or astrocytic processes within 
brain tissue is limited when conventional confocal scan-
ning microscopy is used. Indeed, single-photon micros-
copy, in addition to being limited in terms of resolution, 
is constrained by the penetration depth to about 100 μm 
at best due to light scattering and massive amounts 
of photobleaching. Multiphoton (two-photon and 
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three-photon) microscopy, while not providing higher 
resolution, has a much greater penetration depth (more 
than 1 mm) and drastically reduced photobleaching189–191. 
This is possible because of, first, the infrared wavelength 
pulsed excitation, which penetrates more deeply and is 
less scattered by the tissues, and, second, the multipho-
ton non-linear effect, which generates fluorescence in 
only a tiny volume, compared with single-photon light, 

which excites a whole cone of fluorophores and produces 
more bleaching. It allows in vivo imaging of the intact 
neocortex190,192, and has been extensively used for in vivo 
calcium imaging to measure neuronal network activity193. 
The use of an acousto-optic deflector with random access 
pattern scanning194, instead of galvanometric mirrors, 
allows one to drastically increase the acquisition speed 
and record in vivo cellular calcium spikes with millisec-
ond temporal resolution, in two dimensions195 and three 
dimensions196. Temporal focusing, a full-field multipho-
ton illumination technique197, allowed fast brain-wide 
imaging of neuronal activity in Caenorhabditis elegans198 
and awake mice199. Miniaturized microscopes exploiting 
the optical sectioning ability of two-photon imaging have 
allowed the observation of brain activity in freely moving 
mice at synaptic resolution200.

Light-sheet fluorescence microscopy. Light-sheet fluo-
rescence microscopy (LSFM) is the method of choice 
for 3D imaging of large biological samples201, and has 
demonstrated high capacity to image live small organ-
isms such as Drosophila embryo202 or zebrafish203.  
In its conventional design, LSFM requires at least two 
objectives perpendicular to each other, one for the col-
lection of fluorescence and one for the creation of the 
excitation light sheet in the detection objective’s focal 
plane. Compared with scanning confocal or multi-
photon microscopy, it is much faster, offers inherent 
optical sectioning capability and causes much less radi-
ation damage and photobleaching. Moreover, the axial 
resolution is not limited by diffraction, but is limited 
by the thickness of the excitation light sheet. LSFM 
has been extensively used in neuroscience to monitor 
brain activity204. It allowed the visualization of the cen-
tral nervous system in the entire cleared mouse brain 
with cellular resolution205,206 and neuronal activity in 
the whole brain of larval zebrafish207. Further increase 
in the penetration depth and improvement in photo-
bleaching and sectioning capability for large field of 
view deep-tissue imaging was achieved by multiphoton 
excitation208, multiview (illumination of the sample by  
multiple sides either by using several objectives or  
by rotating the sample)209–211, Bessel beam (non-diffractive  
beam allowing long and uniform light-sheet)212 or lat-
tice light sheet (LLS; an extension of the Bessel beam 
aiming at reducing the side lob effects by destructive 
interferences)213. LSFM has been used in combination 
with single-molecule localization microscopy to allow 
nanoscale imaging deep into tissues.

A recent combination of LSFM and SMLM with 
spontaneously blinking fluorophores and tissue clear-
ing allowed imaging of dopaminergic neurons in a 
whole intact adult Drosophila brain with nanoscale 
resolution214. Combination of LSFM with LLS and 
expansion microscopy (see later) made it possible to 
map the nanoscale organization of several prominent 
synaptic, axonal and dendritic proteins in the cortex 
of an entire Drosophila brain215. LLS presents a decisive 
speed advantage, making it possible to image the whole 
expanded brain in a reasonable time, which allows sig-
nificant advances for acquiring better structural and 
connectome information.
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Fig. 5 | High-resolution and super-resolution imaging principles. Illumination scheme 
of the main fluorescence microscopy techniques, showing the objective, the coverslip,  
the sample and the light path in a perpendicular representation (x,z). The grey boxes at the  
top of each scheme represent the imaging plane at the focal position of the objective (x,y).  
The dashed black boxes represent the imaging field of view. Single spots with arrows 
depict scanning techniques, and multipoint arrays represent the parallel versions of the 
corresponding techniques. Large round or square red surfaces covering the entire field of 
view illustrate full-field imaging techniques. For simplicity, only the excitation light paths 
are specified; the emission light, always collected by the bottom objective, is not shown.  
A | Point laser scanning approaches and their parallelized implementations. From left  
to right: confocal (confocal laser scanning microscopy (CLSM) and spinning disk), 
multiphoton microscopy (two-photon (2P) and three-photon (3P))189,190, and stimulated 
emission depletion (STED) microscopy or reversible saturable optical fluorescence 
transition (RESOLFT) microscopy 174 principles use a focused laser beam which is scanned 
over the whole field of view to reconstruct the image. Except for multiphoton (2P/3P) 
excitation, a pinhole (not shown) is used in the detection path to reject out-of-focus  
light and increase axial resolution. The yellow shading in the STED and RESOFT scheme 
illustrates the doughnut-shaped depletion beam used to confine the fluorescence to a 
tiny volume. B | Full-field approaches. Left: wide-field imaging is the approach with the 
lowest resolution. Middle: the total internal reflection fluorescence (TIRF)256 (green beam) 
method allows illumination of the fluorescent molecules located at the interface (less than 
100 nm) with the coverslip by a collimated beam at the critical angle. The highly inclined 
and laminated optical sheet (HILO)130 (orange beam) method, by creating a collimated 
light sheet, allows illumination of the fluorescent molecules in the micrometre range 
above the coverslip, increasing the contrast and photobleaching compared with 
wide-field illumination. Right: structured illumination microscopy (SIM)167,169 uses a 
sequence of patterned excitation profiles with subsequent image processing to increase 
the spatial resolution. The grey box at the top illustrates an example of a striped 
illumination pattern in the focal plane of the objective. C | Light-sheet illumination 
strategies used in selective plane illumination microscopy (SPIM). Left: conventional 
two-objective principle202, where one objective is used for the excitation (left horizontal) 
and the other is used for the collection (bottom vertical). Gaussian beam (green beam) used  
in conventional light-sheet microscopes (SPIM), and Bessel beam212 (orange beam) used in 
lattice light-sheet microscopy (LLSM)213, a self-reconstructing beam allowing the creation 
of long and thin light sheets. Middle: single objective SPIM (soSPIM) uses a reflecting 
surface to create the light sheet and collect the fluorescence through a single objective216. 
Right: tilted illumination light-sheet architecture uses a single objective to create an 
oblique light sheet that is imaged in the detection path using two additional objectives 
(not shown)219. D | Super-resolution microscopy principles. Da A microscopic object with  
a smiley shape (object), with each spot representing the position of the fluorophores,  
and the microscope point spread function (PSF). When imaged with a conventional 
diffraction-limited fluorescence microscope, all the fluorophores are excited 
simultaneously, and the acquired image is a blurry image resulting from the convolution 
between the object and the PSF. Db In STED microscopy174, a doughnut-like-shaped 
depletion beam is superposed with the excitation beam, narrowing the excitation volume 
below the diffraction limit. Dc Scanning the excitation and depletion beams over the 
whole field of view allows reconstruction of the image of the object with subdiffraction 
resolution. Dd In single-molecule localization microscopy (SMLM)46,136–138, a subset of 
sparsely distributed molecules is stochastically activated (on state, green spots) while  
all other molecules remain non-fluorescent (off state, grey spots). Individual fluorescent 
molecules, represented by isolated non-overlapping PSFs, are numerically localized  
with a much higher precision than the diffraction limit. Integrating all the localized 
molecules sequentially activated in time allows reconstruction of the super-resolution 
intensity image. Tracking the localized molecules over time allows their trajectories to  
be determined. The five colours illustrate five different trajectories139. De In structured 
illumination microscopy (SIM)167, the sample is illuminated sequentially with stripped 
patterns of various angles and phases, and the super-resolution image is reconstructed 
numerically in the frequency domain.

◀

Galvanometric mirror
An ammeter that indicates it 
has sensed an electric current 
by deflecting a light beam  
with a mirror and is used in 
laser scanning microscopy.
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Several recent approaches using a single objective for 
both the excitation and the emission have recently been 
developed to eliminate the constraints of two objectives, 
facilitating manipulation of and access to the sample. 
They rely on the use of either a micromirror216 or tilted 
illumination with objective refocusing217–219, allowing 
high-resolution imaging and SRI deep in live samples. 
A recent combination of single-objective light-sheet 
microscopy and tissue clearing allowed millimetre-scale 
isotropic imaging with submicrometre resolution220,221.

Sample processing methods. Specific sample prepara-
tion represents a complementary set of approaches to 
image tissues with high resolution. Tissue clarification 
approaches associated with light-sheet imaging have 
greatly expanded volumetric brain studies, including 
connectomics222,223. Expansion microscopy relies on the 
initial discovery showing that it was possible to isotopi-
cally expand a biological specimen 4–20 times through 
hydrogel embedding, mechanical homogenization and 
water swelling224, keeping protein targets compatible 
with standard labelling methods225–227. It allows the sep-
aration of structures which is not possible otherwise, 
favouring, for example, neuronal separation for tracing. 
Of course, it still raises the questions of expansion isot-
ropy, protein conservation and tissue fixation. In addi-
tion, after expansion, the much-increased tissue size 
leads to further imaging problems. However, expan-
sion microscopy advantageously eliminates the need 
for imaging with subdiffraction resolution, even if the 
recent combination of expansion microscopy and SRI 
opens promising venues towards molecular resolution228.

Nanoscale organization and function
Three neuronal subcompartments — the presynapse, the 
postsynapse and the axon — are particularly amenable 
to investigate nanoscale organization-based structure–
function relationships due to their highly differentiated 
functions. As mentioned in the introduction, a first 
major area of investigation for high-resolution imaging 
methods has been the synapse, whose submicron size, 
utterly complex organization and well-defined function 
make it an ideal model system. The presynaptic and 
postsynaptic sides have initially been studied in isolation.

At the presynapse, some of the first neuroscience 
applications of STED microscopy176 allowed an exquisite 
understanding of how the nanoscale respective position-
ing of the release machinery components could couple 
localized calcium entry through voltage-gated calcium 
channels to fast vesicle fusion at defined release sites229,230 
that could correspond to Munc13-1 nanoclusters231 
and prevent ectopic, temporally imprecise release232. 
Furthermore, single-molecule tracking studies have 
revealed the highly dynamic nature of the nanoscale 
organization of the presynaptic exocytic machinery. For 
example, calcium channel dynamics controls the spread 
of calcium entry151. Syntaxin 1, which is part of the 
release machinery, is highly mobile at the plasma mem-
brane, and its inherent speed allows fast assembly and 
disassembly of syntaxin 1 nanoclusters, which are asso-
ciated with exocytosis233. Systematic studies of presynap-
tic protein mobility will likely reveal further surprising 

features, such as correlation with the protein lifetimes234. 
Interestingly, the general anaesthetic propofol impairs 
exocytosis through induced syntaxin 1A immobilization 
to SNAP25, indicating that syntaxin 1A and SNAP25 
together form an emergent drug target235.

At the postsynapse, the major functional discoveries 
originating from SRI were obtained from the findings 
that neurotransmitter receptors are in part organized 
and immobilized in nanoclusters aligned in front of 
transmitter release sites across the synaptic cleft and gen-
erally alternate between phases of high mobility outside 
the nanoclusters and immobilization141,142,236. The high 
mobility in the plasma membrane of AMPA237,238 and 
kainate239 receptors revealed by single-particle track-
ing was shown to directly tune frequency-dependent 
short-term plasticity, a process previously ascribed 
solely to modulation of transmitter release. The 
activity-dependent diffusion trapping of AMPARs, 
revealed by combining single-particle tracking and phys-
iology, was shown to be instrumental for the process of 
long-term potentiation240. Finally, the presynapse and 
postsynapse nanoscale organization was recently shown 
to be coordinated through nanocolumns5 likely involv-
ing trans-synaptic adhesion proteins6. This peculiar 
organization has far-reaching consequences for tuning 
the efficacy of synaptic transmission7 that will need to 
be further explored.

A third major breakthrough in deciphering the 
neuronal nanoscale organization to function relation-
ship lies in the discovery of the membrane-associated 
periodic skeleton in axons9 and then in dendrites, by 
both STORM and STED microscopy241,242. Further cor-
relative microscopy work showed that the axonal actin 
rings are braids made of two long, intertwined actin fila-
ments connected by a dense mesh of aligned spectrins12.  
The radial contractility of these actomyosin rings 
facilitates axonal trafficking of large organelles by con-
trolling local axonal expansion while allowing struc-
tural stability171. Interestingly, the membrane-associated 
periodic skeleton appears to be a signalling platform for 
receptor tyrosine kinases and related signalling mole-
cules that are recruited to the membrane-associated 
periodic skeleton in response to extracellular stimuli11.

These are only some of the examples of the power 
of SRI in discovering new neuronal functional proper-
ties and further discoveries will certainly be achieved as 
quantitative high-resolution imaging and SRI modalities 
are combined with functional assays such as physiology 
or behaviour.

Perspective
The development of advanced imaging and labelling 
methods to decipher brain cell organization and func-
tion has progressed tremendously in the last couple of 
decades (Fig. 6) but still faces formidable challenges that, 
once met, promise amazing new tools for investigation. 
At the level of labelling and probes, the quest is far from 
over, and we still need versatile, orthogonal abilities to 
efficiently label targets with small probes. The ultimate 
small-protein label — unnatural amino acids — still 
lacks multiplexing, high-throughput and in vivo capa-
bilities. Without doubt, genetic engineering through 
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CRISPR–Cas9, for which Charpentier and Doudna 
were awarded by the Nobel Prize in Chemistry in 2020, 
will greatly increase our capacity to tag and thus label 
proteins at endogenous levels. Most super-resolution 
techniques rely on dye brightness and photoswitching 
properties. Further progress is required on the precise 
photocontrol properties of dyes and fluorescent pro-
teins such that the dark state is fully off and the on state 
is even brighter than presently achieved. Being able to 
precisely control their photophysics and more especially 
their blinking behaviour will be a major step towards our 
capability to precisely count proteins within each molec-
ular complex in combination with dedicated computa-
tion tools. Bioprobes are becoming ‘intelligent’ as they 
not only report on binding to their target, as in the case of 
fluorogenic dyes, but also report on their activity, as best 
exemplified by voltage-sensitive probes. Engineering of 
molecules combining targeting modules with activity 
reporter modules, based either on Förster resonance 

energy transfer or on other environment-sensitive or 
conformation-sensitive sensors, will allow an endless 
expansion of our capacities to measure signalling with 
subcellular resolution and in vivo.

From the imaging perspective, two ends of the 
resolution spectrum are displaying important chal-
lenges and fast progress. In the nanoscale range, we did 
not address here the revolution that the advances in 
cryo-electron microscopy, for which Dubochet, Frank 
and Henderson were awarded by the Nobel prize in 
Chemistry in 2017 (reF.243), bring to understanding of 
protein structure. The next ongoing revolution will be 
in situ cryo-electron microscopy tomography, which is 
able to provide 3D structures of biological samples at 
subnanometre resolution while preserving information 
about cellular context and higher-order assembly. Soon, 
native protein structures will be identified in situ in syn-
apses, allowing ultimate label-free nanoscale imaging of 
protein organization, at least when exhibiting highly 
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Fig. 6 | Single-molecule-based super-resolution and tracking examples. 
A | Example of a multimodal super-resolution image obtained by 
photoactivation localization microscopy (PALM), stimulated emission 
depletion (STED) microscopy and universal point accumulation for imaging 
in nanoscale topography (uPAINT) to image on the same dendrite the PSD95 
nano-organization with PSD95–mEos3.2 and PALM, the dendrite 
morphology filled with GFP at subdiffraction resolution with STED and single 
AMPA receptor trajectories recorded with uPAINT. B | Astigmatism-based 3D 
direct stochastic optical reconstruction microscopy (dSTORM) imaging in 
an organotypic brain slice. Ba Wide-field image of monomeric streptavidin–
Alexa Fluor 647-labelled biotinlylation-acceptor-peptide tagged–neuroligin 1  
(NLGN1). Bb 3D dSTORM-reconstructed image of a dendritic segment. 

The image is colour coded with respect to the axial distance (−600  
to +600 nm). Bc Normalized localization detection maps integrated within 
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are transfected with GFP, NLGN1 or NLGN1-ΔCter, respectively (from left to 
the right). Part A adapted from reF.120, Springer Nature Limited. Part B is 
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4.0/). Part C is adapted from reF.6, CC BY 4.0 (https://creativecommons.org/
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repetitive structures or stereotypical and precise repeats. 
Development of correlative light and electron micro-
scopy will allow combining the power of live-cell SRI 
with cryo-electron microscopy to decipher nanoscale 
protein organization and dynamics within the environ-
ment nanostructure244. This is occurring in parallel with  
the development of artificial intelligence, and deep learning  
in particular, which has already shown great promise in  
biomedical imaging245,246 and will likely revolutionize 
image analysis and data mining, to provide quantitative 
insight both at the molecular level and at the circuit level.

An important upcoming challenge in imaging for 
neuroscience will be to reconcile the size of the elemen-
tary computational module — the synapse — with the 

whole brain network complexity and function. For this 
endeavour, multiplexing and multiscale correlative imag-
ing will be necessary. In this respect, a specific challenge 
for SMLM in the brain will be to overcome the strong 
aberrations provided by the highly diffusive nervous 
tissue247 in order to mix high resolution and increased 
penetration depth using techniques such as adaptive 
optics. Obtaining full brain imaging at super-resolution 
is within technological grasp215, but visualization, anal-
ysis and interpretation of these immense datasets will 
require methods to be developed so that the human 
brain can interpret their significance.
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