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1. Optical Microscopy — Physical Principles — 2h

1.1. Basics (Image formation, magnification, resolution, image quality)
1.2. Digital camera (image acquisition, formats, properties)

1.3. Phase imaging (qualitative and quantitative)

1.4. Dark field and Polarization microscopy

1.5. Super resolution microscopy — STED, PALM/STORM, MINFLUX
1.6. Non Linear Optical Microscpy

1.7. Photoacoustic Microscopy



1.6. Super-resolution fluorescence microscopy = Nanoscopy
1. Increasing axial resolution — TIRF, 2 Photon microscopy

2. Increasing lateral and axial resolution —
confocal, STED, PALM/STORM, MINFLUX microscopy

3. FRET - Thalhammer



Confocal Microscopy : ~2 X gain in Resolution

schematic representation of the size of the focused spot for a plane wave passing through a lens.
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the gain in resolution (given by the spot size) is obtained mechanically limiting
the size of the excitation and detection spots (by means of pinholes).




Imaging TWO fluorescent points through a lens

Object Plane Lens Image Plane

If the object points P1 and P2 are too close each other, their images
(red spots) will overlap and hence they can not be separated !

This limits the imaging resolution.

We say that he imaging is diffraction limited.



But what if we can switch ON/OFF the fluorescence of the two points ?

We can RESOLVE / IMAGE the two points below the diffraction limit !

Do not separate just by focusing the light !

Separate also by molecular ON/OFF states !

Stefan W. Hell, Nobel Prize Lecture 2014



Switching characteristics

To switch a fluorescent molecule ON or OFF requires two states:
a fluorescent (ON) state and a dark (OFF) state,

connected by a transition representing the actual switch.

Several states in a fluorophore are suitable for such transitions:

« SO0 (ground state) and S1 (singlet state) represents the basic and obvious pair of ON/OFF
states. It is used in Stimulated Emission-Depletion (STED), Saturated Pattern Excitation

M/Saturated Structured Microscopy (SPEM/SSIM), Ground State Depletion (GSD).

« The concept referred to as Reversible Saturable Optical Fluorescent Transition
(RESOLFT) includes switching isomerization (cis—trans) states and other optically bistable
transitions in fluorophores, as do the landmark concepts PhotoActivation Localization

Microscopy (PALM) and Stochastic Optical Reconstruction Microscopy (STORM)



STimulated Emission-Depletion STED
Switch the dye molecule between excitation (ON) to ground (OFF) state using STED
STED Microscopy - up to 10 X gain in Resolution

The gain in resolution is obtained photonically limiting the size of the excitation spot

Wavelength Lens

"Breaking the diffraction resolution limit by stimulated emission”

Hell & Wichmann, Opt. Lett 19, 11, (1994)

Stefan W. HELL



Epifluorescnce vs STED microscopy

Diffraction limited
microscopy
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A second laser is used to deplete the excitation
induced by the first laser, thus limiting the size of
the emission spot.




STED Principle — depletion by STED
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The excited fluorescence molecules invested by the STED laser relax from S1 to SO
emitting red light, which can be filtered out.
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The size and intensity of the STED laser is determinant for the size of the emission spot.

Red filtered
out



Stimulated Emission
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Stimulated emission is the process by which an incoming photon of a specific frequency
can interact with an excited atomic electron (or other excited molecular state), causing it
to drop to a lower energy level. The liberated energy transfers to the electromagnetic
field, creating a new photon with a phase, frequency, polarization, and direction of travel
that are all identical to the photons of the incident wave.

This is in contrast to spontaneous emission, which occurs at random intervals without

regard to the ambient electromagnetic field.

https://en.wikipedia.org/wiki/Stimulated _emission


https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Phase_(waves)
https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Direction_(geometry)
https://en.wikipedia.org/wiki/Spontaneous_emission

STED Microscopy - Implementation

STED microscope
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STED microscope
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STED microscope

m<0 {

PhaseMod

.—zﬂ

1.0

Depletion

Excitation (STED)

03

Fluorescence

] -
2 4
lgren [GWiem?]



STED microscope
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STED microscope
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Abbe’s STED
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- l/ls, is called “saturation factor” and determines the increase in resolution
- I, is the Intensity of the STED Laser;

- Is, is the saturation intensity, i.e. the intensity of the STED laser at which the
fluorescence drops to 1/e of its initial value. Is ~ 1/T | T — transition time

- Is is a characteristic of the materia (dye used).
Typical values:10-100 MW/cm”2 for organic dyes

- For a given dye,
the resoultion is increased, increasing the intensity of the STED laser.

- Another possibility is to find dyes with longer transition time T between the two
states and hence smaller saturation intensity /s 2 RESOLFT



Although the potential of STED to laterally resolve 15 nm was demonstrated, there

are some issues to take care for biological samples:

requirement of intense STED laser might boost multi-photon induced bleaching of the dye.
This is due to the high value of the Is (100 MW / cm?) determined by the saturation of

stimulated depletion (o)
Damage of the biological samples !

the size of the dye molecules which begin to be of the same value as the resolution.

The trend for STED is to move toward InfraRed and find smaller dyes fadquate or this

wavelength range!
Useful information of types of dyes, labeling protocols, publications, etc can be found at:
https://abberior-instruments.com/knowledge/protocols/

Abberior — spin off founded, among others, by 2014 Nobel laureate, prof Stefan Hell.

https://nanobiophotonics.mpibpc.mpg.de/



STED MICROSCOPY

SOME EXAMPLES

19
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STED vs confocal images of randomly dispersed 40 nm fluorescent beads.
Postprocessing the raw STED data (left) by deconvolution further enhances the details (STED+).
The line profiles along the traces indicated by blue and purple arrows demonstrate that

resolution values between 49 nm and 58 nm were achieved in the STED raw data.
Wildanger et al , 2008



ATTO 623 - Bxg @ 530nm / 5TED @ 743nm ATTD 520 - B @ 570nm / STED @ F00nm

ATT) 567 - Exc @ 532nm / 5TED @ 650nm

Confocal

Immunolabeled tubulin fibers
imaged with different excitation
wavelengths: 570 nm (top), 630 nm
(middle), and 532 nm.

The comparison confocal vs STED
image reveals the gain in structural
information obtained by raw STED;

The line profiles along the traces
indicated by the blue and purple
arrows highlights details in the
STED image (purple) that are not
discerned by the confocal
microscope (blue). Scale bar: 1 um.

Wildanger et al , 2008



Hippocampal neuron — actin and microtubules imaging with STED
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Elisa D’este @ Stefan Hell group in Goettingen - 2013
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Elisa D’este @ Stefan Hell group in Goettingen - 2013




Few years later, in vitro, three colors: 24

Growth cone at the tip of the axon of a
primary hippocampal neuron at 1 day
in vitro imaged with the Abberior
Instruments Expert Line STED
microscope.

Microtubules Tuj1 (red, Abberior
STARS580) are bundled in the central-
domain suggesting a pausing state.

The molecular motor myosin |IB (blue)
is enriched at the transition-zone, along
the F-actin arcs.

In the peripheral domain actin forms
bundles in the filopodia (Phalloidin,
Abberior STARG35, green). Sample
was prepared by Elisa D'Este @
MPIBPC, Gottingen.

Elisa D’Este @ MPIBPC, Gottingen 2017



STED Nanoscopy in Living Neurons reveal unique neuronal cytoskeletal features

In the axons of cultured hippocampal neurons, actin forms various structures, including
bundles, patches (involved in the preservation of neuronal polarity), and a recently

reported periodic ring-like structure.

Nevertheless, the overlaying organization of actin in neurons and in the axon initial
segment (AIS) is still unclear, due mainly to a lack of adequate imaging methods.

By harnessing live-cell stimulated emission depletion (STED) nanoscopy and the
fluorescent probe SiR-Actin, the authors of this paper show that the periodic subcortical
actin structure is in fact present in both axons and dendrites.

The periodic cytoskeleton organization is also found in the peripheral nervous system,

specifically at the nodes of Ranvier.

The actin patches in the AIS co-localize with pre-synaptic markers.

Cytosolic actin organization strongly depends on the developmental stage and subcellular
localization.

STED Nanoscopy Reveals the Ubiquity of Subcortical Cytoskeleton Periodicity in Living Neurons

D’Este et al., 2015, Cell Reports http://dx.doi.org/10.1016/j.celrep.2015.02.007
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STED Nanoscopy in Living Neurons

Developmental staging of neurons
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Live STED

Experimental procedure of live-
SiR-Actin and AIS labeling for two-

color STED nanoscopy.

SiR-Actin = Silicon rhodamine actin label

Cultured hippocampal neurons were incubated with 2 uM SiR-Actin for 1 hr under growth
conditions.

The AIS was identified by live labelling with an antibody directed against the extracellular
domain of the AlIS marker neurofascin 186.

Living neurons were then immediately imaged by two-color STED nanoscopy at room
temperature.

D’Este et al., 2015, Cell Reports http://dx.doi.org/10.1016/j.celrep.2015.02.007



Actin Rings Form before AIS specification and Intercalate with Neurofascin

STED images of axons of living hippocampal neurons at different days in vitro (DIV). Insets represent the specific
neurofascin labeling to highlight the axon. SiR-Actin reveals that actin rings appear already at 2 DIV.
Scale bars, 1 um

with SiR-Actin (upper panel, green) and anti-neurofascin

antibody (lower panel, red), and the merged image.
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D’Este et al., 2015



Actin periodicity is present both in the axons and dendrites 28
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STED images of living neuron at 8 DIV in which actin periodicity is present both in the axon and in dendrites

(insets show the specific neurofascin labeling to highlight the axon).

Arrowhead points to the axons. Box 1 corresponds to the neurite positive for neurofascin (an axon), while
boxes 2—3 correspond to neurites that are negative for neurofascin (dendrites).

D — represents intensity profile corresponding to the dashed line in box 3.
D’Este et al., 2015, Cell Reports
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i ascin/SiR-Actin

AlS-presenting actin filaments along the axon in living cells
(24 DIV, inset shows neurofascin staining).

/nrCAM

Co-localization of actin patches (phalloidin staining, green) with bassoon (red) in fixed neurons at
17 DIV. The axon was identified by staining NrCAM (inset, white; confocal image using an Alexa-488-
coupled secondary antibody).

D’Este et al., 2015, Cell Reports



Model of actin organization in cultured neurons at different developmental stages. 30

Axon

Dendrite

The periodicity of subcortical actin in the axon is present already at 2 DIV.

The cytosolic actin arrangement varies, consisting of short filaments in younger cultures (2—-3 DIV), which
disappear at 8 DIV. In mature cultures (17 DIV), long actin fibers are present, but they stop mainly at the
beginning of the AlS.

The red spot indicates a synaptic bouton co-localizing with an actin patch.

In dendrites, the subcortical actin periodicity is not visible at 2 DIV but becomes prominent by 8 DIV, when
only few actin filaments populate the dendrites.

In mature cultures, the presence of spines, in which actin is highly enriched, and long filaments in the
neurite make the identification of the actin periodicity less straightforward.
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Highlights:

* Dendrites exhibit periodic actin organization

» Cytoskeletal proteins show the same periodicity at nodes of Ranvier (sciatic nerves)
 Cytosolic actin organization is developmentally and spatially regulated

 Actin patches in the axon initial segment co-localize with synaptic markers

D’Este et al, STED Nanoscopy Reveals the Ubiquity of Subcortical Cytoskeleton Periodicity in
Living Neurons, Cell Reports 2015

https://doi.org/10.1016/j.celrep.2015.02.007



https://doi.org/10.1016/j.celrep.2015.02.007

Are there other possibilities of transition between the ON/OFF states ?

Principle: Discern by ON / OFF states in the sample

a STED b GSD (metastable dark state) c RESOLFRTE ible Sat ble Optical
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YES, and they use a lower value of the saturation intensity /S for transition



Categories of fluorescent proteins FP

Examples:
fluorescence

mCherry JJ

photoactivation

target

fluorophore

linker
excitation light
emission light
no emission

= O

activation light

A =600 nm

PAMCherry // j\!
6 )\ 405 nm

photoconversion

Dendra2 A = 491 nm%L S\S\)\-2 507 nm
A =580 nm
6 )\ 405 nm

photoswitching A=503nm A=518nm

Dronpa %L /x P ‘77% Yy’

Haas et al, Molecules 2014, 19(8), 12116-12149

)\ 405 nm



RESOLFT: REversible Saturable Optical Fluorescence Transitions

Photoswitch a Reversible Switching Fluorescent Protein (RSFP) between
ON and OFF states (transition: cis-trans isomerisation)

green RSFP Dronpa-M159T
switching scheme

o 1.2 kW/cm?>

491nm
400us
40us
ﬁ fluorescence
405nm

ONU°“S

3.8 kWIcmz

1 kW/cm 2 £20nm

Testa et al, Neuron (2012)

Reading is the same as in STED

The RSFP is switched ON (activated) using a
circular light spot of 405 nm, switched OFF with
a doughnut-shaped spot 491 nm, and excited
with another circular spot of light, also of 491 nm
wavelength

Advantages:

much Lower intensity of the doughnut
laser than for standard STED

much faster

live cell 3D imaging at 40 nm
resolution

NOTE: To increase the saturation factor I/Is, we have two options:
increase I (STED) or reduce Is (RESOLFT with switchable proteins)



3D Nanoscopy of Living Brain Slices with Low Light Levels

A RESOLFT

Superresolved RESOLFT images of dendrites of pyramidal
neurons labeled with Dronpa-M159T binding to actin (A)
and in the cytosol (B). 30 micron beneath tissue surface

The raw-data images are maximum intensity projections of
multiple z planes, each 500 nm apart from each other along
the optical axis.

Multiple planes were recorded to incorporate the entire 3D
structure of the dendrite and its spines into the image.

Resolution ~ 60 nm lateral, 110 nm vertical !

Live, fast, deep (50 um beneath the tissue surface)

— 3D renditions of RESOLFT images with enhanced
‘ _ resolution in all spatial dimensions and depict dendritic
spines with either the actin-fused (C and D) or cytosolic

. : : ‘ M_ _
. % N | :
ACTIN —! L&ETJH_'&[— iQIQ§_QL._:>&[—_ (E)labeling

Scale bar 500 nm

Testa et al, Neuron (2012) http://dx.doi.org/10.1016/j.neuron.2012.07.028



Rotational movie of the 3D-RESOLFT reconstruction

The movie shows two separate dendritic spines labeled with Lifeact-Dronpa-M159T.

Both spines show high concentrations of actin, but from one spine, an actin flament extends from the
base of the spine neck along the edge of the dendritic shaft.

The field of view is 4 x 6 x 1.2 pm3.

Testa et al, Neuron (2012)



Rotational movie of a 3D reconstruction

depicting a region of spiny dendrite
Continuous RESOLFT imaging of spontaneous
actin rearrangements in a spiny dendrite

A stretch of spiny dendrite was imaged continuously for two

hours, revealing a series of extensive movements and

morphological changes that occurred during that time frame.

Each frame depicts 15min, displayed in the movie at 1
Confocal vs 3D-RESOLFT. frame/second.

Testa et al, Neuron (2012)
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Nanoscopy in a Living Mouse Brain

Sebastian Berning,* Katrin 1. Willig,'* Heinz Steffens,® Payam Dibaj,? Stefan W. Hell**

Fig. 1. STED microscopy in the molecular layer of the somatosensory cortex of a mouse with EYFP-labeled
neurons. (A) Anesthetized mouse under the objective lens (63, NA 1.3, glycerol immersion) with tracheal
tube. (B) Projected volumes of dendritic and axonal structures reveal (C) temporal dynamics of spine
morphology with (D) an approximately fourfold improved resolution compared with diffraction-limited
imaging. Curve is a three-pixel-wide line profile fitted to raw data with a Gaussian. Scale bars, 1 um.
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