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STED microscopy is one of several fluorescence microscopy techniques that permit imaging at higher spatial
resolution than what the diffraction-limit of light dictates. STED imaging is unique among these super-resolution
modalities in being a beam-scanning microscopy technique based on confocal or 2-photon imaging, which
provides the advantage of superior optical sectioning in thick samples. Compared to the other super-resolution
techniques that are based on widefield microscopy, this makes STED particularly suited for imaging inside live
brain tissue, such as in slices or in vivo. Notably, the 50 nm resolution provided by STED microscopy enables
analysis of neural morphologies that conventional confocal and 2-photon microscopy approaches cannot resolve,
including all-important synaptic structures. Over the course of the last 20 years, STED microscopy has undergone
extensive developments towards ever more versatile use, and has facilitated remarkable neurophysiological
discoveries.

The technique is still not widely adopted for live tissue imaging, even though one of its particular strengths is
exactly in resolving the nanoscale dynamics of synaptic structures in brain tissue, as well as in addressing the
complex morphologies of glial cells, and revealing the intricate structure of the brain extracellular space. Not
least, live tissue STED microscopy has so far hardly been applied in settings of pathophysiology, though also here

it shows great promise for providing new insights.
This review outlines the technical advantages of STED microscopy for imaging in live brain tissue, and
highlights key neurobiological findings brought about by the technique.

1. Surpassing the resolution limit in fluorescence microscopy

The field of super-resolution fluorescence microscopy has flourished
and diversified extensively since its budding from the fluorescence mi-
croscopy tree more than 20 years ago (Hell and Wichmann, 1994). The
fundamental principle behind fluorescence microscopy is the use of
excitation light of one wavelength to bring fluorophores into an excited
energy state, from where they emit fluorescence at a different wave-
length, allowing spectral separation and observation of fluorescence at
high contrast on a dark background. The common denominator of the
super-resolution techniques is the control of the energy states of fluo-
rophore populations over space and time, to constrict when and where
these emit fluorescence. Current modalities that qualify as such tech-
niques can be categorized broadly into two groups: 1) single-molecule
localization microscopy (SMLM) approaches, represented by the main
incarnations stochastic optical reconstruction microscopy (STORM)

(Rust et al., 2006) and photoactivated localization microscopy (PALM)
(Betzig et al., 2006; Hess et al., 2006); and 2) coordinate-targeted im-
aging approaches that rely on patterned illumination modalities,
including neuroscience household names structured illumination mi-
croscopy (SIM) (Gustafsson, 2000, 2005), and stimulated emission
depletion (STED) microscopy (Klar et al., 2000).

Even though expansion microscopy can be considered a super-
resolution technique, it works by chemically processing the sample to
volumetrically expand it, thus increasing the physical distance between
molecules and allowing otherwise irresolvable sample structures to be
optically resolved in a conventional microscope. It is therefore in
essence a sample preparation technique, rather than a microscopy
approach (Chen et al., 2015).

Members of the SMLM family collect images by consecutively
acquiring frames of subsets of stochastically activated fluorophores from
a given labeled sample, computing the corresponding fluorophore
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center location maps, and merging these into a final image. They rely on
individual non-overlapping fluorescent emitters being discernible
within a given frame, in order for their center positions to be mathe-
matically pinpointed to a sub-diffraction 2D area or 3D volume, as
recently reviewed (Mockl and Moerner, 2020). Once a sufficient number
of fluorophore position maps have been collected, their sum will
describe the underlying labeled structure. This fluorophore mapping
approach generally achieves better spatial resolution than the patterned
illumination approaches, and allows routine imaging at around 20 nm
resolution (Khater et al., 2020). The MINFLUX technique has impres-
sively achieved around 2 nm resolution by combining principles of
SMLM and patterned illumination microscopy (Gwosch et al., 2020). A
prerequisite for the SMLM approach is that indeed the sample is covered
by fluorophores at sufficient density for these to adequately report the
underlying structure, which is especially true for immobile fluo-
rophores, i.e. when imaging immunochemically labeled fixed samples
(Dempsey et al., 2011). In addition to creating structural images, SMLM
allows tracking of moving single particles across frames, e.g. to track
individual labeled proteins diffusing in the cell membrane (Manley
et al., 2008).

Single emitter discrimination is not a concern for the patterned
illumination approaches, and these are particularly suited for ensemble
imaging of dense populations of fluorophores that are imaged collec-
tively, including cytosolic or membrane bound freely diffusing fluo-
rophores. In the context of this review, it is worth highlighting that SIM
can be applied as either saturated or non-saturated SIM, where saturation
refers to the excitation state of the involved fluorophore population. In
saturated SIM, higher excitation powers are used to drive fluorophores
into the excited state until this population starts to saturate, so that
emission intensity no longer scales linearly with excitation intensity,
hence it is also referred to as non-linear SIM (Gustafsson, 2005). Satu-
rated SIM can readily bypass the diffraction barrier and theoretically
achieve unlimited resolution, though the required excitation powers
become limiting, as they are associated with irreversible photobleaching
of the fluorophores and putative phototoxicity in live cell imaging. On
the other hand, linear SIM does not rely on saturating the excited state
(Gustafsson, 2000), and utilizes excitation powers that are readily
compatible with time-lapse live cell imaging without photobleaching or
toxicity (Kner et al., 2009). Regular (non-saturated) linear SIM is thus
more widely applied, though it can maximally enhance imaging reso-
lution by a factor of two, similar to what can be achieved in confocal
microscopy by decreasing the confocality pinhole aperture (Centonze
and Pawley, 1995). Because linear SIM is still diffraction-limited, we
will not include it in our further discussion among the super-resolution
approaches.

STED microscopy also relies on introducing a non-linearity in the
interaction between light and fluorophore populations, though here the
saturation is not of the excited state, but the depletion of the excited state
with the aim of preventing spontaneous fluorescence. While it is difficult
to compare STED and saturated SIM because they differ so fundamen-
tally, the general strategy of not aggressively forcing fluorophores into
the excited state conceivably makes STED less prone to photobleaching
and -toxicity than saturated SIM, because the excited state is more sus-
ceptible to unwanted transitions than the ground state (Icha et al.,
2017). We describe in basic terms the principles of STED microscopy
further below, and for a review on the working principles behind the
remaining super-resolution modalities and a comparison of their main
features we refer to designated reviews (Tgnnesen and Nagerl, 2013;
Schermelleh et al., 2019).

Light-sheet, or single plane illumination, microscopy excites the
labeled sample with a thin sheet of light and thus produces very good
optical sectioning when collecting the image through a microscope
objective positioned perpendicularly to the illumination plane (Huisken
et al., 2004). It is a highly versatile approach that is applicable for both
diffraction-limited and super-resolution microscopy configurations,
with the limiting factor for super-resolution imaging being the integrity
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of the light-sheet as imaging depth increases, as recently reviewed
(Power and Huisken, 2017). Light-sheet microscopy allows both 3D
SMLM and patterned illumination super-resolution microscopy (Lu
et al., 2019), and especially lattice light-sheet microscopy offers spec-
tacular spatiotemporal resolution at very low illumination intensities,
allowing large volume extended time-lapse imaging of living cells
without photobleaching or —toxicity (Chen et al., 2014). The standard
light-sheet imaging configuration of two orthogonal microscope objec-
tives limits its practicability for live cell imaging in tissue and in vivo.
However, more recently, simpler single objective configurations have
been introduced, including STORM based on oblique-plane light-sheet
illumination that allowed imaging down to 60 pm tissue depth in fixed
samples (Kim et al., 2019). It will be very interesting to follow further
development along these lines, in particular from a live tissue
perspective.

Each of the super-resolution modalities comes with practical ad-
vantages and shortcomings regarding the type of sample they are suited
for and the type of imaging data they provide. Compared to the SMLM
approaches, STED microscopy will nearly always fall short in terms of
achievable resolution and photon burden in terms of required light in-
tensities to acquire an image. This is a considerable drawback, because
of the elevated risk of photobleaching and phototoxicity in settings of
live cell imaging. Designated efforts are being invested in further
reducing the photons required to acquire a given STED microscopy
image (Jahr et al., 2020). STED has historically been associated with
higher technical complexity and commercial price, though also on this
front the differences are gradually evening out, as commercial plug-and-
play options become increasingly available.

STED microscopy holds a key advantage in the ability to optically
resolve cellular morphologies inside live brain tissue, both in slices and
in live animals, which is rooted in STED microscopy being a laser beam
scanning microscopy approach based on either confocal or 2-photon mi-
croscopy as the underlying modality, and thus comes with inherent good
optical sectioning along the imaging z-axis. In contrast, the widefield
techniques offer comparatively poor contrast along the z-axis in live
tissue, because of out-of-focus fluorescence being collected that effec-
tively blurs images. In practical terms, STED microscopy enables im-
aging in living brain tissue down to around 100 pm tissue depth (Urban
et al., 2011), whereas the SMLM techniques are more suited for the
surface of fixed brain slices and live imaging in dissociated cultures or
smaller multicellular organisms. There are exceptions to this and SIM
has recently been applied for in vivo imaging of synaptic structures,
though in the diffraction limited non-saturated form that achieves
maximally a 2-fold resolution enhancement, in this case around 190 nm
(Turcotte et al., 2019). While this report of in vivo SIM is a great
achievement that enables interesting studies because of the relatively
high 9 Hz frame rate, it is still unable to geometrically resolve dendritic
spine necks, axonal shafts, and other fine neural morphologies.

Another key advantage of STED is that it achieves super-resolution
optically, without requiring digital image processing prior to visualiza-
tion and analysis. It therefore comes closer to reporting the ground truth
than techniques relying on computer-facilitated image reconstruction or
deconvolution algorithms, which can be a genuine confounder for
nanoscale structures (Sahl et al., 2016; Heintzmann and Huser, 2017;
Karras et al., 2019).

For clarity, in this review we do not separately describe the revers-
ible saturable optical fluorescence transitions (RESOLFT) technique that
is very similar to STED, we only note here that it has also been applied
for proof of principle live imaging in brain slices and in vivo in C. elegans
worms (Testa et al., 2012; Dreier et al., 2019), and refer interested
readers to a recent overview (Sahl and Hell, 2019).

2. Principles of STED microscopy

In fluorescence microscopy, super-resolution techniques refers to
microscopy approaches that can optically resolve structures that fall
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beyond the resolution limiting diffraction barrier formulated by Abbe
(Abbe, 1882) and stated below (Eq. (1)). Diffraction is an inevitable
physical phenomenon of waves, hereunder light, that causes them to
bend as they interact with an object. Given that diffraction is inevitable,
the best-case scenario for fluorescence microscopy performance is to be
diffraction-limited. This infers the beam is then free from aberrations or
any distortions of the beam wave front that lowers imaging resolution.
The smallest point response a microscope can deliver is known as the
point-spread function (PSF) and can be visualized and analyzed by im-
aging point sources, such as fluorescent beads that are substantially
smaller than the PSF itself. Point sources will appear laterally as blurry
spots with an approximate Gaussian intensity distribution, and PSF
width can be determined from an intensity profile plot through the PSF
image and extracting the width at the half-maximum height of the
corresponding Gaussian fit. This is routinely referred to as the full width
at half maximum (FWHM) (Cole et al., 2011), and is generally accepted
as a proxy for optical resolution. In addition to Gaussian fitting, the
FWHM of Lorentzian fits to point source PSFs are also commonly re-
ported, as reviewed in (Lenz and Tgnnesen, 2019). An alternative
approach is to analyze the spatial frequencies that a STED image con-
tains by means of Fourier transformation, and then determine the
effective spatial cutoff frequency to represent the optical resolution limit
(Banterle et al., 2013; Tortarolo et al., 2018). Resolution can addition-
ally be assessed by imaging specially designed fluorescent nanorulers of
well-defined length (Schmied et al., 2014; Lin et al., 2020).

Sample structures that are smaller than the PSF, and thus not
geometrically resolved, do not simply disappear in images, but instead
act as point-sources and appear blurred at the size of the PSF (Fig. 1A).
Blurring also becomes evident across small distances between struc-
tures, where objects will appear to merge into a single structure if they
are closer together than the size of the PSF. This can be didactically
explained as drawing on top of a fine-lined sketch with a large-tipped
marker pen, with the PSF corresponding to the pen tip.

In the case of all optical components being perfect, diffraction-
limited optical resolution scales with the wavelength (1) of the uti-
lized light, and the numerical aperture of the microscope objective, i.e.
the acceptance angle of the objective. The lateral resolution in the form
of the PSF FWHM is then given by
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where ry, is the lateral resolution, A is the excitation light wavelength,
and NA the objective numerical aperture.

To understand how STED and other super-resolution microscopy
modalities work, it is fundamental to keep in mind that 1) all involved
laser beams are diffraction limited, also when the PSF is shaped into a
specific form, e.g. a doughnut shape as in STED microscopy; 2) the res-
olution enhancement emerges as a product of the interaction between
the diffraction limited PSFs of the incoming beams and the fluorophore
population they interact with. That is, super-resolution is not only an
optical phenomenon, but emerges from the interaction of diffraction-
limited light with a given fluorophore population; hence the 2014
Nobel Prize to the inventors of super-resolution microscopy was in the
category chemistry, not physics as one may have intuitively thought
(Choquet, 2014). In conventional microscopy the excitation light PSF is
linearly translated into a practically identical fluorescence emission PSF,
at least as long as excitation is not saturated, which is practically never
the case. The achievable spatial resolution is accordingly defined by the
given excitation wavelength and optical components of the microscope,
i.e. it is purely based on optics. On the contrary, in STED microscopy the
emission PSF is not a simple linear translation of the excitation PSF, but
is additionally molded by a second incoming laser beam. The achievable
resolution of a STED setup is therefore not merely a constant property of
the microscope hardware, but is tunable and varies with the observed
fluorophore type and laser powers.

In the case of STED microscopy with resolution enhancement in the
lateral plane, this is achieved by suppressing spontaneous fluorescence
emission emerging from the periphery of the diffraction limited excita-
tion PSF, so that the emission PSF effectively becomes smaller than the
diffraction limit would otherwise allow (Harke et al., 2008). To achieve
this, the STED beam PSF is engineered into a doughnut shape of a high
intensity ring with a O-intensity center and is superimposed on the
Gaussian excitation beam PSF. The Gaussian excitation PSF brings flu-
orophores to the excited state, where they linger for a few nanoseconds,
determined by the fluorophore fluorescence lifetime, before they spon-
taneously relax back to the ground state by emitting a photon. During
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Fig. 1. Shaping PSFs to increase imaging resolution in STED. (A) In scanning fluorescence microscopy the sample is convolved by the effective imaging PSF, and
structures that are smaller than the PSF itself will act as point-sources and appear at the size of the PSF. Accordingly, small structures appear larger than what they
are, and objects closer together than the size of the PSF erroneously appear to merge. As imaging resolution is increased, more sub-diffraction structures and details
become discernible. (B) In conventional scanning fluorescence microscopy, the excitation PSF brings the underlying fluorophore population linearly into the excited
state and is translated 1:1 into an emission PSF. The doughnut shaped stimulated emission PSF has negligible effect on fluorophores in the ground state, but when
superimposed on the excitation PSF it causes stimulated emission of fluorophores in the excited state. The STED beam intensity is high enough to saturate stimulated
emission and efficiently deplete the excited state, so that only fluorophores in the doughnut zero-intensity center are allowed to emit spontaneous fluorescence. The
area of spontaneous emission is increasingly spatially confined by higher STED beam powers to further enhance the effective imaging resolution. (C) The orange
stimulated emission beam used for STED microscopy of green fluorophores is separated along with the blue spectrum excitation beam from the green spontaneous
fluorescence by a simple dichroic mirror, allowing high contrast detection of the super-resolved spontaneous fluorescence signal. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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their nanosecond-long stay at the excited state, spontaneous emission
can be prevented by forced, stimulated emission at a longer wavelength
of less photonic energy than spontaneously emitted photons (Einstein,
1917), which is exactly the role of the STED beam PSF (Fig. 1B).

Stimulated emission can only occur within the normal spontaneous
emission spectrum of a fluorophore, and usually the very edge towards
longer wavelengths of the spectrum is used, e.g. in the orange range for
green fluorophores. This lowers the probability of unwarranted direct
fluorophore excitation by the STED beam, and leaves ample room for
collecting the green spectrum light emerging from the doughnut center,
where emission is not stimulated but occurs spontaneously as fluores-
cence. In essence, if a fluorophore in the excited state is hit by a photon
of slightly longer wavelength than the photon that is otherwise emitted
spontaneously, two photons identical to the (STED) photon hitting the
fluorophore will be emitted. That is, two photons hit the fluorophore
(one for excitation, one for stimulated emission) and two are emitted
(identical to the incoming stimulated emission photon). The notable
effect is that the photons emitted as spontaneous fluorescence and those
emerging through stimulated emission have different wavelengths and
can be easily separated by spectral filters into distinct beam paths. Thus,
the spontaneously emitted fluorescence signal can be detected as in
conventional confocal or 2-photon microscopy after discarding the
stimulated emission signal by standard chromatic emission filters
(Fig. 10).

The optical resolution in STED microscopy scales with the square
root of STED beam power, and Abbe's formula is extended to incorporate
the STED effect as
()

A
" NAV (1 + (1))

where I is the applied STED beam power, and I, is the STED power
required to reduce the probability of spontaneous fluorescence emission
by half (Harke et al., 2008). As can be understood, the STED beam in-
tensity can be tuned for a specific sample to balance resolution,
bleaching/toxicity, and contrast. Accordingly, when ensemble imaging
densely labeled neurons, the higher the achieved resolution enhance-
ment, the more photons are effectively discarded through stimulated
emission and the weaker the collected fluorescence signal becomes. As
electrical noise from the photodetector remains largely constant in the
detected signal, the signal to noise ratio may consequently decrease.
This is rarely an issue in live cell STED imaging utilizing highly sensitive
photodiode detectors that usually have negligible dark counts (as
observed in the figures below). Yet, it serves to convey the message that
if super-resolution is not necessary, conventional confocal or 2-photon
microscopy will often provide brighter images and potentially higher
contrast, especially if imaging weakly fluorescent samples or samples
with high background signal.

STED microscopy can be performed either with picosecond pulsed
lasers or continuous wave (CW) lasers that emit at constant intensity.
The combination of pulsed excitation and pulsed depletion is more
technically elaborate, as the respective pulse trains have to be syn-
chronized and aligned in space and time to achieve optimal STED. In
contrast, STED microscopy using CW lasers has no such temporal syn-
chronization requirement and is thus technically simpler (Willig et al.,
2007). On the downside, the time-averaged depletion beam power in
CW STED is around 4-fold higher than corresponding pulsed beam STED
(Willig et al., 2007), making it less suitable for live imaging because of
phototoxicity.

As STED microscopy relies on the use of two lasers for imaging a
given fluorophore population, two-color imaging requires special
consideration. If spectrally different fluorophores are used, e.g green
and red ones, it may be necessary to have separate excitation and STED
beam pairs for these, which adds substantial technical complexity and
requires twice the amount of photons compared to single channel ac-
quisitions (Donnert et al., 2007). In fixed samples this is of little concern,
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though it may give rise to adverse effects on live neurons by unwar-
ranted direct excitation of fluorophores by the STED beam or toxicity
from tissue heating (Icha et al., 2017). It is also possible to use a common
STED laser for two separate fluorophores excited by different laser
sources (Pellett et al., 2011), to use photo-switching at a third wave-
length to enable two fluorophores to be consecutively imaged by the
same laser beam pair (Willig et al., 2011), or to separate fluorophores
not spectrally, but instead based on fluorescence lifetime to facilitate
two-color imaging with a single beam pair (Biickers et al., 2011). The
simplest approach uses spectrally related fluorophores that can be
excited by the same beam pair and do not rely on additional lasers
compared to single-channel imaging, yet can be spectrally discerned.
This approach comes with inherent spatial co-alignment and simulta-
neous acquisition of the two channels, factors that are critical for co-
localization analyses of dynamic cellular structures (Tgnnesen et al.,
2011). The single beam-pair and spectral detection approach can be
used to image green and yellow fluorophores alongside each other, and
works for all fluorophore combinations we have tested, including among
others: green and yellow fluorescent protein (GFP/YFP), GFP/Atto-514,
YFP/Alexa Fluor 488, YFP/calcein, Alexa Fluor 514/Calcein. While the
two detection channels spectrally overlap, all photons are effectively
collected and contribute in the final image, with fluorophore discrimi-
nation unambiguously achieved already in the raw images, and further
separation of the two overlapping channels into separate fluorophores
through linear spectral unmixing (Tgnnesen et al., 2011; Tgnnesen and
Nagerl, 2013).

3. The nanoscale morphologies of neural cells fall beyond the
diffraction barrier

Synaptic structures in the form of dendritic spines, axonal shafts and
boutons are among the key morphological features that are not resolved
by conventional microscopy, and thus cannot be analyzed geometrically
on live cells (Arellano et al., 2007; Mishchenko et al., 2010). The same
limitation holds true for the fine processes of microglia and astrocytes
that are known to shape synaptic signaling (Cali et al., 2019). Delin-
eating the structure-function relationships of these specific cellular
compartments is fundamental for understanding signal processing in the
brain, and here the resolving power of STED microscopy comes to its
right, as the obtainable 50 nm resolution covers the vast majority of
neural cell morphological features. Smaller structures, for example
scaffolding proteins and synaptic vesicles, remain more challenging to
resolve in STED microscopy, and here electron microscopy (EM) and
SMLM approaches may be superior.

EM has provided nanoscale resolution images of brain tissue for
decades, and has been the almost exclusive source of such data until well
into the 2000s (Harris and Weinberg, 2012). However, it is incompatible
with live cell experiments and inescapably relies on tissue fixation,
thereby preventing longitudinal experiments and parallel functional
experiments, such as electrophysiological recordings. The emergence of
structural artifacts resulting from fixation steps has long been a matter of
concern when analyzing neural cell morphologies. It is generally
accepted that cryo-fixation by rapid freezing of the sample better pre-
serves the tissue ultrastructure, while the more commonly applied
chemical fixation is associated with structural artifacts (van Harreveld
and Crowell, 1964; Korogod et al., 2015; Tamada et al., 2020).

The roles of EM and fluorescence microscopy were long sharply
divided; EM could provide nanoscale snapshots of morphology, while
fluorescence microscopy offered live tissue experiments and allowed
concurrent synergistic functional approaches, such as electrophysiology
and pharmacology, though at mere microscale optical resolution. This
gap is partially closing as the super-resolution modalities are now able to
image at nanoscale resolution in live cells and tissue. The two ap-
proaches have been synergistically combined for correlative light and
electron microscopy (CLEM) applied on the same sample, which has
further been performed with SMLM to harness the best parts of both
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modalities (Watanabe et al., 2011), though this is again only possible in
fixed tissue.

Classic 2D-STED microscopy can provide around 50 nm lateral res-
olution in live tissue, though there is no resolution enhancement along
the axial z-plane, with z-axis resolution typically around 500 nm for
green fluorophores excited at 485 nm through high numerical aperture
(1.2-1.4 NA) objectives (Cole et al., 2011). In 3D-STED, resolution is
enhanced also along the axial plane, and typically reaches 150-250 nm
(Wildanger et al., 2009; Lenz et al., 2014; Osseforth et al., 2014). This is
still considerably lower than the lateral plane resolution around 50 nm,
and lower than what can be achieved in EM, where the z-axis resolution
is defined by the slice-cutting interval. In STED microscopy, the main
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analyses are therefore usually done in the lateral plane, while dis-
regarding the axial plane, or simply assuming isotropic structures. The
assumption of isotropy is justified for the analyses of dendrites, spines,
axons and boutons that can be considered roughly cylindrical around
their propagation axis, though for putatively more advanced analyses
this assumption may be inadequate. Indeed, there is a need for better
analysis methods to extract further, and more accurate, geometric
structure parameters from STED images in an automated and unbiased
way. In acknowledgement of this need, we recently contributed in the
development of an ImageJ plugin called SpineJ to specifically analyze
the geometry of dendritic spines in super-resolved images (Levet et al.,
2020). Even so, there is therefore still ample room for technical
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Fig. 2. STED microscopy of synaptic structures in vivo. (A) Schematic drawing of in vivo STED imaging setup. A high numerical aperture glycerol immersion objective
is used to image neurons at the cortical surface through a glass cranial window. Tracheal tubes deliver anesthesia and are used for ventilation. (B) Dendritic segment
of YFP labeled cortical neuron imaged in vivo. Scale bar is 1 pm. (C) Time-lapse image sequence illustrating spine head dynamic (Scale bar is 1 ym). (D) Zoomed-in
view on super-resolved cellular structure (Scale bar is 1 pm). (E) In vivo STED microscopy of postsynaptic scaffold protein PSD-95 (PSD95-HaloTag SIR; magenta) and
complementary confocal images of neuronal morphology (Lifeact-EYFP; green). Scale bar is 2 pm. (F) Zoom-ins on the squares in (E); STED microscopy reveals
structural details of PSD-95 assemblies that are not visible in confocal images. Scale bars are 500 nm. (G) Comparisons of the FWHM of structures [between arrows
depicted in (F)] imaged by both confocal and STED microscopy reveal the inadequacy of confocal for resolving PSD-95 assemblies. (A) to (D) from Berning et al.,
2012, Science. Reprinted with permission from AAAS. (E) to (G) from Masch et al., 2018, PNAS, with permission (https://creativecommons.org/licenses/by/4.0/).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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improvements in optimizing STED imaging resolution, imaging depth,
and image data extraction.

4. Technical developments of STED microscopy for live tissue
imaging

Already the first experimental implementation of STED was
impressively performed in live yeast cells (Klar et al., 2000), and in early
2008 the first STED images of live dissociated neurons emerged in the
form of video-rate image sequences of synaptic vesicle movements
(Westphal et al., 2008). Later the same year, the first proof-of-principle
for STED microscopy in live brain tissue slices was reported (Nagerl
et al., 2008), and in 2012 the first proof of principle for in vivo STED was
provided as super-resolved time-lapse images of dendritic spines in the
intact brain of a living mouse (Berning et al., 2012) (Fig. 2A-D). All
these achievements came from the lab of Stefan Hell, the inventor of
STED microscopy and Nobel Laureate, and while there are still relatively
few labs committed to this type of experiments, a steadily increasing
flow of technical developments and biological insights have continued
to emerge, also from other groups. Among the more notable technical
developments relevant for neuroscience research, two color STED mi-
croscopy in live cells (Pellett et al., 2011; Willig et al., 2011), and in live
brain tissue (Tgnnesen et al., 2011), was reported in 2011. Two-photon
excitation STED imaging in live brain tissue was first reported in 2009
(Ding et al., 2009), and extended to 2-color imaging in 2013 (Bethge
et al., 2013; Takasaki et al., 2013). While 2-photon excitation STED
microscopy holds a great potential for imaging in vivo and inside tissue,
it is still not widely applied, and still has not pushed the effective im-
aging depth beyond the around 100 pm achieved using single-photon
excitation STED (Urban et al., 2011). In this respect, the implementa-
tion of microscope objectives with adjustable aberration correction-
collars to enable deeper tissue imaging is noteworthy, because it al-
lows rectification of spherical aberrations emerging from increasing
tissue imaging depth, thus conserving the STED beam PSF and optical
resolution (Urban et al., 2011). This type of aberration-correction
objective has been used to image deeper in vivo (Wegner et al., 2017),
in acute brain slices (Tgnnesen et al., 2014), and in organotypic cultures
(Urban et al., 2011).

The implementation of 3D-STED was, to some extent, realized
already by the first reported STED experiments (Klar et al., 2000),
though it has since been further developed (Wildanger et al., 2009; Lenz
etal., 2014), extended to the 2-color regime (Osseforth et al., 2014), and
more recently applied to living brain slices (Tgnnesen et al., 2018), and
in vivo (Velasco et al., 2021).

As already mentioned, in vivo STED microscopy was first imple-
mented in 2012, and it has since been further developed to observe deep
hippocampal tissue through implantable lenses in anaesthetized mice
(Pfeiffer et al., 2018). Two-color STED is still to be reported in in vivo
settings, though in vivo STED images of PSD-95 proteins superimposed
on confocal images of spines have been reported, testifying to the
applicability and versatility of STED to be applied along classical mi-
croscopy modalities (Masch et al., 2018) (Fig. 2E-G).

To recapitulate, 3D-STED microscopy can today be readily per-
formed in two colors in live, cultured or acute, brain slices (T¢nnesen
et al.,, 2014, 2018), and in principle this technology can be directly
transferred to in vivo settings, where single-color 2D and 3D-STED is
already being utilized based on single or 2-photon excitation (Wegner
et al., 2017, 2018; Pfeiffer et al., 2018; Steffens et al., 2020; Velasco
et al., 2021).

5. Fluorophores and labeling strategies

The considerations associated with choice of fluorophores and la-
beling strategies for live cell STED microscopy are largely the same as for
conventional live cell fluorescence microscopy, though with special
consideration to the dual wavelength approach underlying STED, and
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the comparably higher involved laser powers.

Fluorescent labeling for STED microscopy of live cells can be done
manually by patch-loading cells with fluorophores, such as Alexa or Atto
dyes (Ding et al., 2009; Tgnnesen et al., 2011; Chéreau et al., 2017) or
filling them through bolus loading with acetoxymethyl (AM)-ester
coupled fluorophores injected locally into tissue (Tgnnesen et al., 2011).
It is, however, often more convenient to utilize genetically encoded
fluorophores when possible, to avoid perturbations of cells and tissue.
This can be achieved through a viral-vector approach in cultured brain
slices (Tgnnesen et al., 2011; Urban et al., 2011; Chéreau et al., 2017) or
in vivo (Wegner et al., 2017), plasmid transfection in cultured cells
(Pellett et al., 2011; Willig et al., 2011), or any of the many available
transgenic animals available, for example the popular Thyl-YFP mice
that expresses YFP in subsets of excitatory neurons (Feng et al., 2000).
More sophisticated utilization of transgene animals has been adopted to
image specific synaptic structures, including postsynaptic PSD-95 scaf-
fold proteins in live mice (Wegner et al., 2018).

An approach that bridges genetic and acute labeling is the genetic
expression of polypeptide tagged proteins in combinations with organic
fluorophores that bind to the tag. This is a 2-component approach that
confers high labeling specificity. Commonly used are the SNAP
sequence, which covalently conjugates with benzyl guanine (Keppler
et al., 2003), and the Halo sequence, conjugating with chloro alkane
(Los et al., 2008). A reported advantage of the tagging approach is the
brightness and stability of the utilized organic dyes (Fernandez-Suarez
and Ting, 2008), with the Halo system appearing superior for STED
microscopy in terms of brightness (Erdmann et al., 2019). SNAP, Halo,
and CLIP tag labeling has been used for 2-color STED imaging in live
cells (Pellett et al., 2011; Bottanelli et al., 2016), and more recently
STED was applied in vivo to image Halo-tag fusion protein PSD-95 and
map the complex spatial organization of protein clusters in the visual
cortex surface (Masch et al., 2018).

Freely diffusible cytosolic fluorophores are convenient for imaging
cellular morphologies in STED, because putative bleached fluorophores
are to some extent replenished by diffusion of unbleached fluorophores
from neighboring parts of the cytosol. This fluorophore diffusion further
allows fluorescence recovery after photobleaching (FRAP) experiments
to reveal diffusional compartmentalization in the imaged morphological
structures (Takasaki and Sabatini, 2014; Tgnnesen et al., 2014).

In terms of popularity and availability, fluorophores in the green
spectrum are the most widespread across fluorescence microscopy, with
most transgenic mice and viral vectors relying on GFP as the reporter.
Though besides general availability, the spectral properties of fluo-
rophores come with additional implications. One limiting factor has
been the lack of appropriate pulsed lasers emitting in the orange spec-
trum required for stimulated emission of green/yellow fluorophores.
The absence of such lasers necessitated complex and expensive STED
setups relying on tunable femtosecond pulse lasers coupled with optical
parametric oscillators (OPOs) to shift the wavelength from infrared to
orange (Willig et al., 2006; Nagerl et al., 2008), which involves several
tedious work routines. With the recent commercial availability of orange
emitting picosecond lasers, these OPO based setups will likely soon be a
memorable curiosity of the past.

As can be understood from Eq. (1) above, in conventional micro-
scopy resolution scales directly with the utilized excitation wavelength,
and the relatively short wavelengths used for imaging in the green
spectrum already offer a notably better resolution than when imaging
red fluorophores. On the other hand, red fluorophores are attractive
because light in the red spectrum travels better in brain tissue to facil-
itate deeper imaging. This also holds true for STED microscopy, where
red-shifted fluorophores facilitate deeper imaging in vivo, and resolution
is anyways not limited by the excitation wavelength (Wegner et al.,
2017). Green and yellow fluorophores can indeed also be STED imaged
using infrared excitation light in the 2-photon excitation regime, which
allows deeper imaging but comes at the price of increased cost for a
femtosecond laser source, and a lower default diffraction limited
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resolution compared to single-photon excitation confocal imaging (Ding
et al., 2009; Bethge et al., 2013; Takasaki et al., 2013). A recent study
reports improvements to reach 76 pm depth for in vivo STED microscopy
with 3D resolution enhancement based on combined 2-photon excita-
tion, adaptive optics, far-red emitting organic dyes, and a long-working
distance water-immersion objective lens (Velasco et al.,, 2021). It is
noteworthy that in 2-photon excitation-based STED microscopy,
depletion wavelengths remain the same as for single-photon excitation
STED, meaning the STED beam PSF will not be different between the two
configurations and degrade similarly with increasing tissue depth. As a
consequence, the expected resolution difference at depth between sin-
gle- and 2-photon excitation STED microscopy may be less evident than
one may initially expect, though a head-to-head comparison has not
been performed.

6. Neurobiological insights from STED microscopy

The unique ability of STED microscopy to provide nanoscale reso-
lution images of neural structures in live brain tissue has provided
neurophysiological data that would not readily be deliverable by alter-
native techniques. This technology has allowed examination of the
central nervous system at an unprecedented scale, improving our un-
derstanding of the cellular and molecular mechanisms that govern brain
function. Here we highlight the main findings, with a focus on studies in
live tissue.

The morphological dynamics of dendritic spines, and their role in
regulating synaptic function, have long been an enigmatic subject in
neuroscience. Fifkova and Anderson noted differences in the structure of
dendritic spines when comparing populations submitted to tetanic
stimulation and controls (Fifkova and Anderson, 1981). However, since
this study relied on EM and fixed tissue experiments, they could not
prove that the observed differences reflected spine structural dynamics
rather than changes in spine morphological sub-populations. Indeed,
around the same time, in 1982, Francis Crick asked “Do dendritic spines
twitch rapidly during normal neural activity? If so, what are the rules
governing the change of shape of the spine and, in particular, the neck of
the spine?” (Crick, 1982), a question that stood unanswered for several
more decades. Two-photon microscopy provided evidence for spine
head enlargement in response to stimulation-induced synaptic long-
term potentiation (LTP) (Matsuzaki et al., 2004), as well as for concur-
rent spine neck shortening (Tanaka et al., 2008). However, the key
parameter from a biophysical perspective is spine neck width, which is
predictably the primary determinant of biochemical and electrical
compartmentalization of the residing synapse. Due to its nanoscale
morphology, neck width could not be optically resolved by diffraction-
limited methods, and putative spine neck width plasticity remained
elusive for years, thus preventing direct application of cable theory in
predicting the functional effects of putative spine neck dynamics (Wil-
son, 1984). In 2014, STED microscopy combined with 2-photon gluta-
mate uncaging and FRAP experiments revealed that indeed during LTP
the spine head grows, while the neck correspondingly shortens and
widens (Tgnnesen et al., 2014) (Fig. 3A-B). Biophysical modeling sug-
gests that this results in a roughly 50% decrease in the electrical neck
resistance to passing synaptic currents, while in terms of biochemical
sojourn time the combined head and neck changes result in a zero-sum
scenario (Tgnnesen and Nagerl, 2016). Interestingly, this provides evi-
dence for separate functional roles of respective spine head and neck
morphology, whereby neck dynamics affect both electrical and
biochemical compartmentalization, while head dynamics exclusively
affect biochemical compartmentalization. The correlation between
spine morphology and biochemical diffusional properties has further
been confirmed by 2-photon excitation STED microscopy in acute brain
slices (Takasaki and Sabatini, 2014).

The effect of dendrite and dendritic spine morphology on inhibitory
synaptic signaling has been modeled using STED images of live neurons
in brain slices. STED images allowed more accurate predictions on the
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intra-dendritic spreading of chloride transients, and contributed in
identifying a key role for spine density and morphology in short-term
ionic plasticity of inhibitory GABA receptor mediated signaling
(Mohapatra et al., 2016).

Another key finding from live tissue STED microscopy is that when
imaged at diffraction-limited optical resolution, short-necked dendritic
spines will commonly appear erroneously stubby, ie. without a
discernible neck. This was observed both in slices (Tgnnesen et al.,
2014), and during chronic in vivo STED imaging of dendritic spines in
hippocampus, where closely neighboring spines would erroneously
appear as one when imaged by 2-photon microscopy (Pfeiffer et al.,
2018). Similar observations have been reported in fixed tissue (Attardo
et al., 2015). The mentioned in vivo STED study by Pfeiffer and col-
leagues further found that some 40% of hippocampal dendritic spines
turned over in 4 days. This value suggests a middle-ground between
those reported in two highly discrepant 2-photon microscopy studies,
one reporting that 96% of spines remained stable over 16 days (Gu et al.,
2014), while the other suggesting nearly 100% turnover within 2-3
weeks (Attardo et al., 2015). The remarkable discrepancy between these
three studies warrants further research, and could indicate that the
given experimental settings directly impact spine turnover rates.

The cytoskeleton plays a critical role in shaping cell morphology and
organizing intracellular compartments. However, its fine structure has
been elusive due to its diffraction-limited scale. Using STORM in fixed
cells, axons were shown to contain highly regular periodic actin- and
spectrin-containing rings at 180 to 190 nm intervals (Xu et al., 2013).
Such rings have been recently demonstrated with STED microscopy, also
in dendritic spine necks in neurons from both acute and organotypic
slices, and with a similar interval around 180 to 190 nm (Bar et al.,
2016). This extends other findings using STED microscopy in live
dissociated neurons that found similar periodic rings in dendrites and
axons (D'Este et al., 2015), unraveling unique cytoskeletal features that
influence the distribution of receptors and channels in the cell
membrane.

Neef and colleagues took advantage of STED microscopy to not only
image inner hair cells, but also perform super-resolution calcium im-
aging to identify calcium signaling domains associated with presynaptic
active zones (Neef et al., 2018). Calcium imaging at increased spatial
resolution holds special interest for physiologists, where calcium tran-
sients are expected to be compartmentalized. While it may be spatially
resolved, the diffusion of ionic calcium is still too fast to be temporally
resolved.

Axons convey action potentials to pre-synaptic boutons where they
cause transmitter release as part of synaptic signaling. The axon has
classically been considered structurally static, with membrane ion
channels as the primary regulators of conduction velocity (Sasaki et al.,
2011). However, STED microscopy in live brain slices was able to
geometrically resolve axons during high frequency action potential
firing, and demonstrate that this activity was associated with axon
widening and a corresponding increase in action potential conduction
velocity (Chéreau et al., 2017). The resolving power of STED microscopy
in these experiments was key for performing the advanced comparative
analysis of structural axon dynamics and electrophysiological re-
cordings of action potential firing.

In addition to neurons, glial cells have extremely complex mor-
phologies and are not geometrically resolved by diffraction-limited
microscopy modalities. This has hindered the structure-function delin-
eation of the tripartite synapse consisting of neuronal pre- and post-
synaptic compartments, in addition to an astrocytic partner (Araque
et al., 1999). STED microscopy in organotypic brain slices was recently
applied alongside calcium imaging to show that astrocytic calcium sig-
nals occur in nodes that are frequently associated with dendritic spines
(Arizono et al., 2020). In a separate recent study, STED was applied to
demonstrate withdrawal of perisynaptic astrocytic processes following
LTP induction in live organotypic slices, effectively facilitating gluta-
mate spillover (Henneberger et al., 2020). While also microglia (Bethge
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Fig. 3. New insights from STED microscopy in live tissue. (A) Time-lapse STED image sequence of dendritic spine (identified by arrow) undergoing LTP after 2-
photon glutamate uncaging stimulation. LTP is associated with spine head enlargement and spine neck shortening and widening. Scale bar is 500 nm. (B) The
calculated changes in electrical spine neck resistance (Rn.) and head volume expansion correlate strongly, suggesting coordination between these changes. (C)
SUSHI image of the CA1 area reveal unlabeled cells (bright) and the surrounding ECS (dark) perfusion labeled by a fluorophore that distributes homogenously in the
interstitial fluid. Scale bar is 5 pm. (D) The SUSHI approach allows straightforward nanoscale analysis of the ECS (red) volume fraction, and shows this varies across
the CA1 layers oriens, pyramidale and radiatum. (E) ECS volume fractions measured across various areas in hippocampal slices reveal large variation with an average
value close to 20%. (F) SUSHI image of the neuropil (bright) and ECS (dark) in live brain tissue, revealing the intricate, interwoven neural structures. Scale bar is 2
pm. (G) Line-intensity profile of the image under the line depicted in (F). The peaks correspond to ECS channels, while troughs represent neural structures. (H) ECS
channel width analysis across hippocampal slices reveals a continuum spanning from a few microns down to 50 nm, corresponding to the resolution limit of the
utilized STED microscope. (A) and (B) from Tgnnesen et al., 2014, Nat Neurosci. (C) to (H) from Tgnnesen et al., 2018, Cell, with permission from Elsevier. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2013) and oligodendrocytes (Steshenko et al., 2016) have been
successfully observed in a STED microscope, these studies have focused
more on the technique itself rather than on gaining a functional insight
into these cell types.

Beyond imaging the intricate morphological structure and dynamics
of neural cells, STED microscopy has been used to reveal the nanoscale
structure and dynamics of the brain extracellular space (ECS) in live
brain tissue, by combining 3D-STED imaging with perfusion labeling of
the interstitial fluid (Tgnnesen et al., 2018). Perfusion labeling with
hydrophilic fluorophores that do not pass the cell membrane visualizes
the interstitial fluid, which in structure corresponds to the ECS. The label
can be applied acutely to unlabeled tissue by simple perfusion, and in-
tensity easily adjusted on the fly by adding fluorophores or diluting
these. As the concentration of fluorophore is constant in the ECS during
perfusion labeling, intensity differences, at any scale, reflect ECS volume
differences and can be analyzed quantitatively.

This particular approach, termed super-resolution shadow imaging
(SUSHI), has provided the first structural images of ECS in live tissue,
and identified previously unknown glutamate-induced microscale dy-
namics. SUSHI images inherently reveal the morphology of all unlabeled
cells in the field of view as analyzable shadows, thereby enabling
investigation of neural cells with respect to neighboring cells, the sur-
rounding neuropil, and the ECS, all in a single frame acquisition
(Fig. 3C-D). The diffusible extracellular label provides practical immu-
nity to photobleaching and -toxicity, as bleached fluorophores and toxic
species escape the field of view and are continuously replenished by
intact fluorophores. This allows extensive 3D-STED time-lapse imaging
of relatively large fields of view (e.g. 100 frames of 100 pm by 100 pm).
By directly visualizing the ECS structure, this can be analyzed with
respect to structural complexity and volume fraction (Fig. 3E-H), and
the provided data are in good agreement with existing EM data from
cryo-fixed tissue and data from volume-averaging live tissue-compatible
techniques, as we have recently reviewed (Soria et al., 2020a).

7. Perspectives

STED microscopy is still unique among the super-resolution modal-
ities in being particularly well suited for imaging in live brain tissue,
either in slices or in vivo. By pushing the boundaries of the observable in
live tissue, this technology has facilitated key insights, particularly into
the dynamic geometry of synaptic structures. Despite these remarkable
advances on the nanoscale physiology of neurons, research on glial cell
physiology and the field of neurological disorders have so far received
limited attention through live tissue STED imaging approaches, and
there is a corresponding potential for scientific discoveries in this area.

Of particular interest in a pathological context is the application of
STED imaging to diseases associated with dysmorphic dendritic spines,
where it may be combined with optical or electrophysiological func-
tional techniques to delineate whether altered spine structure represents
a cause or effect of pathology, and the significance of altered spine
structure in a disease context. Recent developments in combining STED
and optogenetics are interesting here (Stahlberg et al., 2019), as are
developments in tracking single-walled carbon-nanotubes moving
through the ECS in live brain tissue (Godin et al., 2017). Directly related
to this, the ability of STED to visualize the brain ECS in live tissue will be
interesting for studying metabolite clearance via the glymphatic system
in dense tissue, were knowledge is currently lacking (Iliff et al., 2012;
Xie et al., 2013). Similarly, neurodegeneration is associated with sub-
stantial remodeling of the ECS (Soria et al., 2020b), though the conse-
quences of these nanoscale changes for progressive pathology remain
unknown. This can now more readily be explored by combining STED
microscopy with existing and emerging complementary techniques, as
well as new biophysical models harnessing the additional information
by such approaches.

Furthermore, non-neuronal cellular morphologies are often affected
in pathology, including myelinating oligodendrocyte processes and
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dynamically scanning microglia in different functional states, and these
are now prime candidates for STED imaging (Bernier et al., 2019).

Live tissue STED microscopy is currently not widely adopted across
labs, and STED microscopy is still primarily used in fixed tissue exper-
iments. We hope this will change, as STED microscopy holds great po-
tential for breakthrough discoveries when applied in live tissue
experiments. Recent developments in laser technology have made it
cheaper to implement and use, and still more oven-ready options are
being offered commercially. This is all but certain to increase the
number of labs embracing STED microscopy in general, and thereby its
application in live tissue. Another important development is the estab-
lishment of new labs headed by people with adequate training in live
tissue STED microscopy and its application in a neuroscientific context,
where the emergence of this second generation of users is a fundamental
step towards its broader use.
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