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Développement d'un microscope STED a excitation deu  x

photons et son appllcatlon aux neurosciences

L’avenement de la microscopie STED (Stimulated Biois Depletion) a bouleversé le domaine des
neurosciences du au fait que beaucoup de struatatesnale, tels que les épines dendritiques, les
axones ou les processus astrocytaires, ne peuagéte correctement résolu en microscopie
photonique classique.

La microscopie 2-photon est une technique d'ima&gehotonique trés largement utilisée dans le
domaine des neurosciences car elle permet d'imagévénements dynamique en profondeur dans le
tissu cérébral, offrant un excellent sectionnenugrtique et une meilleure profondeur de pénétration.
Cependant, la résolution spatiale de cette appradielimitée autour de 0.5 um, la rendant
inappropriée pour étudier les détails morphologiqies neurones et synapses.

Le but de mon travail de thése était a A) dévelopmemicroscope qui permet d'améliorer I'imagerie
2-photon en la combinant avec la microscopie STEB)alémontrer son potentiel pour l'imagerie a
I'échelle nanométrique de processus neuronaux dgnasidans des tranches de cerveau aigirs et
Vivo.

Le nouveau microscope permet d'obtenir une résoligpatiale latérale de ~ 50 nm a des profondeurs
d'imagerie de ~ 50 um dans du tissu cérébral vivarfonctionne avec des fluorophores verts, y
compris les protéines fluorescentes communes tgllesa GFP et YFP, offrant le contraste de deux
couleurs basé sur la détection spectrale et li@éainmixing’. S’agissant d’'un microscope droit,
utilisant un objectif & immersion ayant une gradégance de travail, nous avons pu incorporer des
techniques électrophysiologigues comme patch-clampjouter une plateforme pour l'imagene
Vivo.

J'ai utilise ce nouveau microscope pour imager geeessus neuronaux fins et leur dynamique a
I'échelle nanométrique dans différent types de awrgions et des régions différentes du cerveau. J'a
pu révéler des nouvelles caractéristiques morplmlegdes dendrites et épines. En outre, j'ai egplor
différentes stratégies de marquage pour pouvdisertia microscopie STED pour imager le trafic des
protéines et de leur dynamique a I'échelle nanaguétrdans des tranches de cerveau.

Mots clés :

Microscope deux-photon, STED, GFP

Development of a two-photon excitation STED microsc  ope

and its appllcatlon t0 neuroscience

The advent of STED microscopy has created a l@xoftement in the field of neuroscience because
many important neuronal structures, such as déndyiines, axonal shafts or astroglial processes,
cannot be properly resolved by regular light micops/ techniques.

Two-photon fluorescence microscopy is a widely useaging technique in neuroscience because it
permits imaging dynamic events deep inside liglttecing brain tissue, providing high optical
sectioning and depth penetration. However, the@apatsolution of this approach is limited to ardun
half a micron, and hence is inadequate for revgatitany morphological details of neurons and
synapses.

The aim of my PhD work was to A) develop a micrgeedhat improves on two-photon imaging by
combining it with STED microscopy and to B) demoatd its potential for nanoscale imaging of
dynamic neural processes in acute brain slicesravigo.

The new microscope achieves a lateral spatial wgeal of ~50 nm at imaging depths of ~50 pm in
living brain slices. It works with green fluoroples:; including common fluorescent proteins like GFP
and YFP, offering two-color contrast based on gpéctetection and linear unmixing. Because of its



upright design using a long working distance watemersion objective, it was possible to incorporate
electrophysiological techniques like patch-clampango add a stage fom vivo imaging.

| have used the new microscope to image fine neumatesses and their nanoscale dynamics in
different experimental preparations and brain negliaevealing new and interesting morphological
features of dendrites and spines. In addition vehexplored different labeling strategies to besabl
use STED microscopy for visualizing protein traffitg and dynamics at the nanoscale in brain slices.

Keywords :

Two-photon microscopy, STED, GFP
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"...can the human soul be glimpsed through a miojs?

Maybe, but you'd definitely need one of those \gogd ones with two
eyepieces."

Woody Allen

in Palevitz et al. Protoplasma 109:23-55
(1981)
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Abstract

Abstract

Stimulated emission depletion (STED) microscopy ds recently developed
"superresolution” or "nanoscopy" fluorescence ndcopy technique that greatly
improves the spatial resolution of light microscopyhich has classically been

limited by the diffraction of light.

The advent of STED microscopy has created a loexaitement in the field of
neuroscience because many important neuronal stesstsuch as dendritic spines,
axonal shafts or astroglial processes, cannot bpeply resolved by regular light

microscopy techniques.

Two-photon fluorescence microscopy is a widely usewaging technique in

neuroscience because it permits imaging dynamiateweep inside light-scattering
brain tissue, providing high optical sectioning at&pth penetration. However, the
spatial resolution of this approach is limited tound half a micron, and hence is

inadequate for revealing many morphological det#Hilseurons and synapses.

The aim of my PhD work was to A) develop a micrgeedhat improves on two-
photon imaging by combining it with STED microscoagyd to B) demonstrate its
potential for nanoscale imaging of dynamic neuratpsses in acute brain slices and

in vivo.

The new microscope achieves a lateral spatialuealof ~50 nm at imaging depths
of ~50 pum in living brain slices. It works with g fluorophores, including common
fluorescent proteins like GFP and YFP, offering fwador contrast based on spectral
detection and linear unmixing. Because of its ugrigesign using a long working
distance water-immersion objective, it was possibl® incorporate
electrophysiological techniques like patch-clamporgto add a stage fdn vivo

imaging.

| have used the new microscope to image fine nquadesses and their nanoscale
dynamics in different experimental preparations larain regions, revealing new and

interesting morphological features of dendrites amihes. In addition, | have

Vi



Abstract

explored different labeling strategies to be aldeuse STED microscopy for

visualizing protein trafficking and dynamics at th@noscale in brain slices.

Vi



Résumé

Résumé

Le cerveau humain se composent de quelque’8tidurones et & peu prés le méme
nombre de cellules non-neuronales et chaque neuaheplusieurs milliers de
synapses. Ces cellules sont trés denses, formatrtitdure la plus complexe chez les
vertébrés (et certains disent dans l'univers). Coroeecellules individuelles sont
capables de communiquer les unes avec les algrésrment la base de l'activité du
réseau neuronal qui permet l'apparition de towdeddnctions de base et supérieure

du cerveau.

Par conséquent, la compréhension des principesiotiagu niveau de la cellule
unique est une condition préalable pour décrirgligxer et prédire l'activité du

réseau de groupes de cellules et pour, a termeeligble du cerveau.

La structure fine du systéme nerveux pose des défisidérables pour I'observation
microscopique. Le tissu nerveux est dense et lestates d'intérét de I'ordre du
centimétre pour les différentes régions du cenatadu nanometre pour les contacts
synaptiques et des molécules. Dans ces dimensemshercheurs en neurosciences
tentent d'enregistrer simultanément les propriééstionnelles et structurelles du
tissu nerveux. Par conséquent, une technologiecplte a été développé pour

répondre a ces exigences.

Dans cette thése, je décris la construction d'uaveau type microscope super-
résolution qui utilise des fluorophores génétiquetmencodés pour visualiser les
structures neuronales sub-cellulaires jugées asBestpour I'apprentissage et les
mécanismes de mémorisation. Le microscope est apkdméliorer la résolution
d'un microscope photonique classique a deux photbus facteur de 6.4 en

profondeur a l'intérieur du tissu cérébral.

VIiI



Résumé

J'ai défini les objectifs suivants auquel l'instamhdoit répondre:
- Excitation par un laser accordable a deux photons

- Nature pulsé du laser de déplétion STED

- Microscope droit

- Objectif a immersion a eau

- GFP et YFP comme principaux fluorophores utiligégossibilité d’obtenir un
contraste double couleur

- Imagerie super résolution en profondeur danssel tvivant

- Compatibilité avec les techniques d’électrophiypgje

Le but de ce travail était donc de développer umrescope STED qui est
difficilement compatible avec différent types d'échtillons de tissu cérébral
couramment utilisés en neurosciences. Ce microspepeet I'imagerie a I'échelle
nanométrique des cellules vivantes en utilisant daeslécules et proteines
fluorescentes classiquement utilisées en profondeufintérieur des tissus de
diffusion. Ce microscope devrait ouvrir un nouveaamp de possibilité et favoriser

I'application de la microscopie STED en neuroscésnc

La section des résultats comprend un chapitre de [fNanoscale Imaging of
Synapses”, livre publié dans la sé8pringer Neuromethodgolume 84, Editors U.
Valentin Nagerl et Antoine Triller. Ce chapitre sencentre principalement sur les
aspects pratiques de la conception et de la catistnud’'un microscope STED a
excitation deux photons.

La deuxieme partie de la section des résultats camdpun article de recherche
original publiée dan8iophysical Journalqui décrit le microscope et sa capacité a
produire des images de super-résolution de strestoeurales dans des tranches

aigues de cerveau.
IX



Résumé

La derniere partie des résultats comprend diveeggdications du microscope,
démontrant l'imagerie a I'échelle nanométrique dbass préparations de tissus
communs, tels que des cultures de cellules disseciultures organotypique, des
tranches aigues de cerveau et dans le cerveaut idfao animal vivant.
L'amélioration de la résolution du microscope anperla description des fines
structures dendritiques des cellules granulairegydus denté et de micro-varicosités
sur le cou des épines dendritiques ; ces caraw@es structurelles des cellules
neuronales ne pouvant pas étre résolus par migestraditionnelle a deux photons.
En outre, le microscope a été utilisé pour étudiedes niveaux de protéines
endogenes de la souris transgénique VGLUT1-Venosi &ue le cytosquelette
d’actine marqué par desnobodiesdirigés étaient des modeles appropriés pour la
microscopie STED.

Les résultats de cette thése montrent que cestifbjent été atteints en utilisant un
schéma d'excitation & deux photons combinée avetaser pulsé STED sur un
microscope droit avec un objectif a immersion a. dau particulier l'utilisation du
laser STED pulsé permet I'imagerie de cellules mMga au cours du temps avec une
résolution supérieure a celle régulierement obsesré microscopie a deux photons
mais aussi en microscopie deux photons a dépl&DED continu. La difficulté
associée avec des lasers a impulsions est la itécggschroniser les pulsations des
deux sources de facon optimale et de pouvoir modiegedélais de phase des lasers.
Comme les lasers accordables a deux photons possédecavité de résonateur, ou
la lumiére émise par le milieu de gain intervieatpformer des ondes stationnaires
(ou modes), la synchronisation a une fréquenceégétition d'impulsions externe
exige une stabilisation précise de la longueuadmlité. Contrairement aux rapports
précédents qui utilisaient un oscillateur parargétioptique construit sur mesure, le
systeme décrit ici utilise une option commerciademles chercheurs qui n‘ont pas les
bases théoriques pour construire leurs propresslaEm raison de la nature de la
lumiére pulsée STED, une puissance moyenne faibBO(mW par rapport a ~ 200
mW pour les lasers CW dans le BFP) peut étre @filie® qui est important pour
limagerie répétée de tissu vivantes. La préciglandélai de l'impulsion STED par

rapport a l'impulsion d'excitation permettent égadat la mesure de la durée du pulse

X



Résumé

de déplétion dans l'ordre de la picoseconde quiessterait autrement des
équipements sophistiqués tels qu’un autocorrélatéumr outre, ce systeme est
eégalement capable de sonder la durée de vie deedicence (FLIM) des molécules
qui doivent permettre des mesures en profoncdeudes échantillons biologique

épais.
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Introduction

1 Introduction

Although the history of microscopes is as old asubke of lenses and can be traced
back to the 18 century, Zacharias Janssen is often acknowledyéx tthe first to
build an optical microscope around 1590. With Amtowan Leeuwenhoek (1632-
1723) being the first to observe bacteria and adfil], and Galileo Galilei (1564 —
1642) becoming the father of the compound microscdpe success of optical

microscopy has since been immense[2].

Much later, thanks to the staining method of CamBlolgi[3] a major obstacle in the
observation of nervous tissue was overcome: th#ftascontrast enhancement of a
few stained cells versus the densely packed nonestdrain tissue. It was Santiago
Ramoén y Cajals[4] work on the microscope who optedi and used this staining
technigue to demonstrate that also the brain con$ismdividual cells and is not a

syncytium as proposed by Gerlach[5] and Golgi[6].

The cell theory’s success in identifying the callthe basic fundamental unit of all
living things, laid the ground for modern neuroscie. It has since thriven to become
one of the fastest growing disciplines within Iéeience. This was only possible
because a novel labelling technique (Golgi's stajhiand excellent microscopic
observation (Santiago Ramon y Cajal) were brougigether to unravel the

dominating problem of the time, the make-up oflthen’s tissue.

In our times, cellular neuroscience is facing ayv@milar problem:

How can we explain the workings of sub-cellular
compartments that are too small to be observedtvéttitional

microscopes?

And again, both a novel labelling technique (geneticoded fluorophores) and a

novel microscopic technique (superresolution STEDcroscopy) have been

12



Introduction

developed around the same time. These technologideances allow formerly
blurred structures to be visualised with unprecestesharpness in real time inside

living tissue.

In this thesis, | describe the construction of &el@uperresolution microscope that
uses genetically encoded fluorophores to visuadige-cellular neuronal structures
believed to be essential for learning and memohg microscope is able to improve
upon the later resolution of a regular two-photaoroscopy by a factor of 4-6 deep

inside brain tissue.

13



Introduction

1.1 A cellular view on the nervous system

The human brain consist of an estimafeed10'® neurons and roughly the same
number of non-neuronal cells [7] and each neuromng$oseveral thousands of
synapses. These cells are densely packed, forrhigniost complex structure in
vertebrates (and some say in the universe). Asetisegle cells are capable of
communicating with each other, they form the basiseuronal network activity that
allows the emergence of all basic and higher biwnction. But the network would

not function without its core components.

Therefore, understanding the principles of action tbhe single cell level is a
prerequisite for describing, explaining and predgtthe network activity from

clusters of cells to, eventually, the whole brain.

The smallest components of the brain are neurodsgdia cells. While neurons
receive, compute and transmit information, gliadscélave had traditionally only a
supportive role. This view has recently been chgiel by evidence that suggests

glia cell contribute to network activity via modtitan of synaptic transmission[8].

While a vast diversity of neuronal morphologies éé&een reported, the classic view
describes neurons as an polarized cell that re¢evaput via synapses located on
dendrites or the cell body and an axon that tratssthie information via action
potentials to the next cell. Membrane depolarisatioe to synaptic inputs on the
dendrite is conveyed to the somatic region viatedéanic spread of the membrane
potential. If the action potential firing threshodd the soma is reached, an action
potential is generated in the axon initial segmehich travels along the axon by a
regenerative process via voltage-gated sodium ataspium channels. The action
potential then triggers vesicle release on axopatdns that convey information to
the next cell.

14
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Figure 1: Key cellular members of the nervous syste

The neuron together with astrocytes and microgliad (other glia) make up the cells of the nervous
system. While the neuron sends and receives intaymaia the synapse depicted on the left, the glia
have supportive role and are now to believed talide to modulate the neuronal information transfer.
The classic view of the excitatory neuron describlEmgated dendrites stubbed with postsynaptic
spines, a somatic region and a long, thin axondéatls action potentials to its presynaptic terksina
that release synaptic vesicles filled with neunadraitter.

Synapses are highly specialised cell-cell junctithrad consist of a presynaptic and a
postsynaptic component. The digital nature of atioacpotential arrival at a

presynaptic terminal is encoded into synaptic VYedigsion to the membrane which
leads to a release of neurotransmitter into thesyo cleft. These neurotransmitters
can bind to postsynaptic receptors which lead tohange in the postsynaptic
membrane potential via the influx of ions. The g8®is therefore both a digital-to-
analog converter and encodes electrical to chenactavity. This unique feature

allows for an efficient and fast information tragisfvia action potentials, a broad
range of modulatory action on both the side ofalegielease, neurotransmitter action
and postsynaptic response, and analog integrafianeonbrane potential changes

induced by the activity of several synapses orddrarite.

For example, a short delay between the arrival dimetwo action potentials can
modulate the vesicle fusion probability; neurotraitger concentration in the

synaptic cleft over time can be modulated via reak into the presynaptic cell or

15
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degradation; and the function of postsynaptic reansmitter receptors can be

modulated by post-translational phosphorylatiomembrane potential alteration.

The highly modulatory nature of synaptic functios Ibelieved to be a core
mechanism for the functions of the brain, as thengith of a synaptic connection can
be altered by synaptic activity alone. This abilignders the synapse the smallest
independent computational unit in the nervous sysaés it can function both as a

detector as well as an executive unit.

This phenomenon is known as synaptic plasticity i&fers to a long lasting change
of synaptic strength as a response to a changgnap#tc activity. It defines one of
the most fundamental learning rules of neuronalvagk theory, that is the famous
guote from Donald O. Hebb’s book in 1949:

“When an axon of cell A is near enough to excitk Be
and repeatedly or persistently takes part in fiiipgome
growth process or metabolic change takes plac&énoo
both cells such that A's efficiency, as one ofdals firing

B, is increased." [9]

The mentioned “growth process or metabolic change’also termed morpho-
functional plasticity and refers to the fact thabstsynaptic specialisations of
excitatory synapses (dendritic spines) can undergoorphological change that is
correlated with a change in the transmission stren§the associated synapse. This
link between morphology and functionality is a emtr dogma in the field of
neurobiology. It states that by observation of angie in neuronal structure one can

infer upon a change in neuronal function.

The density, the complex cellular architecture #redlack of contrast between cells
of the nervous tissue poses a considerable challdag direct observation of
structure. A contrast enhancement of single cedls first made possible by the Golgi
staining method[3]. Here, for unknown reason, omyy few cells are intensely
stained while the majority of cells remain unstdin€he microscopic observation of

this staining technique allowed Santiago Ramén jalCa addition to applying the

16
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cell theory to the nervous tissue, to identify mesbtypes of neuronal cells and

reconstruct the fundamental connectivity patteriiwvivarious regions of the brain.
Among those regions, two have received speciaht@tte from neurobiologists.

The cerebral cortex is, phylogenetically speakihg, youngest part of the brain and
constitutes most of the surface area of the braimgher mammals. It is considered
as the integrative center of the brain and its kgreent during evolution has

allowed the emergence of higher brain functions.

The hippocampus is a part of the cortex and locetgrtimates in the temporal lobe
of the telencephalon. The highly organised and waHlaracterised cellular
architecture of the hippocampus, in addition tord® in memory consolidation and
spatial navigation, has rendered it a valuablecgire for neuroscience. For example,
dendrites of the Cornu ammonis 1 (CAl) area extema the Stratum radiatum
where they are innervated by axons from CA3 célss allows electrophysiologists
to place recording and stimulation electrodes irfindd regions to record

synchronized neuronal activity, greatly enhancheggignal-to-noise ratio.

This classic recording paradigm has proven to b@w@able tool for the identification

of cellular mechanism of learning and memory[10].

Located below the surface of the brain, the hippgmass is most commonly accessed
by cutting the brain of rats or mice to harvesttadurain slices, culturing the whole
hippocampus as organotypic slice cultures or diagocand culture individual

hippocampal cells on glass coverslips as dispdrggmbcampal cell cultures.

As optical accessibility is highest for dissociatezlirons but the cellular architecture
of the hippocampus is most conserved in acute ksiages, different experimental
preparations are used depending on the scientiféstepn. This poses the problem
that oftentimes cell culture results are hard tgicate in more intact systems. The
most intact system is, of course, the brain it$adt.in vivo preparations, the skull of
the animal is opened to gain access to the sudatiee brain, commonly restricting

access to superficial cortical areas such as s@@asory, motor and visual cortex.
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Independently on the preparation used, the corprasiem in living brain tissue still
prevails as the Golgi staining is incompatible withe cells. Fortunately, the
discovery of the green fluorescent protein (GFR)wadd the final break-through.
With this tool, sufficient contrast could be obtdihthat allowed the observation of

single cells within living tissue.

GFP originates from\equorea Victoriais 238 amino acid longs and spontaneously
matures within living cells. Its expression doed ierefere with normal cell
function and several tens of mutations have be&oduoced to create a library of
fluorescent proteins with optimised brightness phdto stability, different excitation
and emission spectra and sensitivity for pH andhadllular calcium levels[11]. Once
cloned, GFP could be introduced to cells by medrmgene delivery and mouse lines

that express GFP in a subset of neurons are nawmetuused.

Once the GFP molecule is excited, it emits greght lthat can be recorded through
appropriate spectral filters, allowing the obsanrabf a small number of fluorescent
cells against a non-fluorescent background. Ilusréscence microscopy that allows
the use of this contrast for the observation ohgvcells in intact tissue. Now, the
structure-function relationship of synaptic plagyiccan be observed in a non-
invasive way. Fluorescence microscopy is also thgisbfor all recently developed

superresolution microscopy techniques.
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1.2 Fluorescence microscopy

Fluorescence can occur in fluorophores after alisorpof light. A fluorescent
molecule is usually excited to a higher electrostimte from its lowest energy state
(S0) by the energy delivered by a photon. This @geacan only occur if the energy
delivered by the photon is equal to or slightlyhH@gthan the energy gap between the
ground state and an excited state (i.e. S1) raguiti a continuum of photon energy

to excite the molecule (excitation spectrum).
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= = = Vibrational relaxation S‘l =

= = = Non-radiative relaxation -
Intersystem crossing :
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Triplet relaxation ' o
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Figure 2: Jablonski diagram of the energy levels o fluorophore

Main molecular pathways upon absorption of a siqdieton. Singlet states (SO, S1, S2) and triplet
state (T1) are shown as well as radiative (solidves) and non-radiative (dashed) transitions betwee
the energy states[12].

The excitation process typically takes within't8econds. Once excited, the electron
relaxes via vibrational relaxation (between®iGo 10°seconds) to the lowest
vibrational level of the excited state. The molectémains in the excited state for
typically 10° seconds (fluorescence lifetime) before it relakask to its ground
state. This radiative relaxation process is cafledrescence and takes place by the
emission of a photon of less energy than the ei@itgphoton due to non-radiative
vibrational relaxation. The difference in energytvieen the excitation and the

emission photon is termed Stokes shift and is isirathe range of 20-100 nm. The
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reason for the relatively broad emission spectreno$t fluorophores is the different

closely spaced vibrational levels to which the roole can relax.

A molecule can also relax non-radiatively via gission of heat or collision with
another molecule. In addition, an intersystem dngssan occur where the molecule
relaxes from the lowest vibrational level of Sithhe lowest excited triplet state T1.
From here the molecule can relax to the lowestatibnal level of T1 via vibrational
relaxation and further relaxation to SO via phosphoence or non-radiative Triplet
relaxation. The transition from excited T1 to SOsfEn forbidden which results in
long lifetimes in the triplet state[13]. Molecules T1 readily react with molecular
oxygen that destroys the molecule and is theretoresidered a major pathway of
fluorophore bleaching. The fraction of moleculeatthelax to the ground state via
fluorescence over the ones that do not relax viaréscence define the quantum yield

of a molecule.
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Figure 3: Schematic principle of fluorescence microscopy

The light from a white light source passes an axoit filter and gets reflected towards the objexti
by a dichroic filter. The signal light of the objgmasses the dichroic mirror and an emission fiier
its way to the detector. Example spectral data 6 EBEC/EGFP filter cube (49002) from Chroma
Technology.

In fluorescence wide-field microscopy, suitableicgit filters allow the excitation
light to enter the sample but prevent excitatigghtireaching the detectors so that
only the emission light of the molecule is detect@tie strength of fluorescent

microscopy lies in its compatibility with live-celimaging due to the non-invasive
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image formation, contrast of labelled to non-labelitargets, high flexibility of

labelling strategies (genetic encoded fluorophofemrescent antibody labelling,
patch-clamp loading and more) and specificity ofjéés through the use of genetic
strategies such as cell-type sensitive expressitterps or antibody mediated

labelling.

The above shown schema demonstrates the functipnaflia classic widefield

fluorescence microscope. The wavelength for exoitatf the fluorophore is isolated
from a white light source (such as a mercury oroxearc lamp) by the excitation
filter. The dichroic mirror (which has low transmign and high reflection) for the
excitation light directs the light towards the attjee. The signal light is transmitted
by the dichroic mirror, spectrally cleaned by tmeission filter and visualised via an
eyepiece or a camera. As a consequence, an imagerisd simultaneously and

parallel by a magnifying lens for all objects igigen plane.

This stands in contrast to confocal microscopy [13], where the image is formed
sequentially by raster-scanning a diffraction lexitspot (excitation PSF) across the
sample. For each point the signal is recorded lawalhe post-hoc assembly of an
image. Image formation speed depends on pixelagepixel dwell time. The term
‘confocal’ is defined as having a same focus, afdrs to the fact that for any scan
angle, the signal light is focused on the samecti@t@rea. This is either realised by
moving the object plane with a motorised stage wrsbanning the beam with
galvanometric mirrors through a lens system thitwal angular deflection of the
excitation beam in the back focal plane (BFP) & tbjective. There are several
ways to design a scan system to accomplish a sitabi@nation of the BFP but is
often realised via a telescope of two lenses whosal points are matched to the
BFP and to each other. As the signal light is tmaitied back via the same scan
mirrors (de-scanned), the scan angle deflectioms campensated and create a
stationary beam towards the detectors. As the tietepathway incorporates a
pinhole that is precisely located in the conjugptane to the object plane, it
effectively blocks out-of-focus light to reach thketector light which permits the
detector to record signals from only one spot i@ sample (detection PSF). As a
consequence the recorded image is a product ofthetbxcitation and the detection
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PSF which allows for optical sectioning and imprmbwvesolution. Three dimensional
volumes are recorded by recording two-dimensiomaiges of different planes along

the z-axis that can later be reconstructed.
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Figure 4. Schematics of confocal microscopy

The basic principle and advantage of confocal msimopy is out-of-focus light rejection through the
use of a confocal pinhole before the detector. B right, the beam path of a typical confocal
microscope is shown. A coherent laser beam is scaacross the sample via mirrors mounted on
galvanometers. The emission light is separated timrexcitation light via a dichroic mirror and sen
through the confocal pinhole towards the point-cete(usually PMTS).

Because of the inertia of the scan mirrors, thé $ass of the scanner is moved
continuously. As a consequence the pixel size sdfethe sampling frequency of the
detector in time (over the amplitude of the scardedtection) while the pixel dwell

time refers to the speed of the movement of theé &ss (over the sampling

frequency). These parameters should be set acgotalithe sample quality but need
to adhere to the Nyquist-Shannon sampling theorenbd able to record the
maximum spatial resolution. In the case of fluoeeganicroscopy the sample should

not be oversampled to minimize sample illuminatma bleaching.

As the confocal pinhole blocks a majority of thghli sent to the detectors and signal
intensity is a major concern in optical microscothe pinhole diameter has a direct

effect on signal strength and resolution. A goatéroff between resolution and
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signal strength is a diameter of the pinhole thaqual to one airy unit (AU) which
corresponds to the diameter of the first minimunygrof the excitation PSF. This

allows approx. 80% of the signal to pass the piahol

Decreasing the pinhole size beyond further willyodécrease signal levels without
increasing resolution as the resolution of the coalf microscope is defined by the
product of the excitation PSF and the emission R8& the excitation PSF is

unaltered by the decreased pinhole size.

The above implementations (wide-field and confoa#l)fluorescence microscope
both rely on a single-photon excitation processadidition, molecules can also be
excited by a two-photon process which is utilized two-photon excitation

microscopy.

First predicted in the doctoral dissertation of MaBGoppert-Mayer in 1930[16, 17]

(but see [18]), atoms can also be excited to highesrgy states by the quasi-
simultaneous absorption of two photons of appratf the energy as compared to
single-photon excitation. More exactly, she coutavg that the energy needed to
excite an atom can be expressed as the sum ofettessary excitation energy. For
practical reasons, this is usually achieved by pwotons of the same energy but can
also be realised with the two photons of differemérgy as long as their sum is equal,

or slightly larger, then the excitation energy[18-2

Experimental demonstration of two-photon excitafioorescence was achieved only
30 years later in 1961 when ruby optical masersimecavailable to laboratories[23].
Kaiser and Garret were able to excite €BE" crystals with red light of 694 nm and
record blue light of 425 nm. In their paper theigdincy of two-photon excitation

was calculated to be on the order of’1@hich indicates the extremely low
probability of two photon excitation. Higher-orderulti-photon processes such as

three-photon excitation, were later also demored{ad|.

The extremely low probability of the two-photon &a&tion process is compensated
by compressing the excitation volume in space wialgective and in time by using

ultrafast pulsed lasers.
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The numbem,of photons absorbed per fluorophore per pulse,gihe paraxial

approximation, depends on

- o (UVA)Z)Z (1.1)

"™ 72\ 2her

With p,as the average laser intensity,the fluorophore’s two-photon absorption
cross section at wavelengi t,, the pulse durationf,the lasers pulse repetition
frequency,NA the numerical aperture of the objective dndhe Planck’s constant
andc the speed of light[25, 26].

From this formula it becomes apparent that the poton excitation probability is
proportional to the square of the laser powerhmzf1 power on the NA and inverse

proportional to the pulse duration.

These parameters have several important consecidocdwo-photon excitation

fluorescence microscopy.

The quadratic dependency of two-photon absorptioobagbility on excitation
intensity and the roughly quadratic dependencyhef eéxcitation PSF intensity on
distance from the focal plane results in a foudiwver dependency of the two-photon
excitation probability on distance [27, 28]. Themef, two-photon excitation
microscopy has intrinsic optical sectioning caggbilvhich allows the collection of
all photons as signal photons, making a pinhokeant of the detector obsolete. This,
in turn, means that a much greater proportion aftqis can be detected, especially

in scattering medium, resulting in a better sigwathoise ratio.

As two-photon excitation occurs only in the focdne, out-of-focus bleaching is

greatly reduced, allowing time-lapse imaging ottrdimensional structures.

The use of near-IR light dramatically increasespéeetration depth of the excitation
light in biological samples as scattering is prajooial to the inverse fourth power
(< A7*) of the wavelength used (for particles smallenttize wavelength of light —
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Rayleigh scattering)[28] and for particles largeart the wavelength of light to the
inverse third powert 173)[12].

The numerical apperaturA = n(sina) of the objective is ultimately limited
(theoretical max.a = 90° current max.73°)[29] by the refractive index of the
immersion medium and cannot increased beyond th#teolens material[30]. For
two-photon microscopy water-immersion objectives asually used which have a

lower NA then oil-immersion objectives.

The pulse duration of the pulses is limited by ftet that shorter pulses are stretched
in time more than longer pulses. For a given opsyatem with fixed amounts of
glass, a Gaussian pulse is temporal broadened ifntbre incoming pulse is shorter
and broadened less if the incoming pulse is longhrs typically results in pulse

durations for two-photon excitation microscopy ba brder of 200 fs.
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1.3 Nanoscopy with focused light

As shown by Ernst Abbe, light can be focused byobjective lens to finite spot.
Because in fluorescent microscopy, this finite spanples the spatial frequency of

the observed structure, its size defines the résalof an optical microscope.

The size of the finite spot is characterised inl#tteral dimension by the full-width-
at-half-maximum (FWHM) and is known as the diffiaatlimit of light by

A _ A
2n sina 2NA

Ar ~ (1.2)

wherel denotes the wavelengththe refractive index of the immersion media and
the semiaperture angle of the objective lens andthAnumerical aperture of the

objective.

The diffraction limit of light is a direct consequee of the wave nature of light and

related to Heisenberg’s uncertainty principle.
Since

AEAt > h (1.3)

with h = Planck’ constant and = frequency of the light, a uncertainty in the artiva
times of the photons due to different path lengtmgrges

1
At=t,—t, >~ (1.4)

As a result of the different arrival times, thedsed photons show a phase difference
that gives rise to the intensity distribution a tbcal spot (excitation PSF)[31].
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Figure 5: Image formation by convolution of PSF wih object

In confocal scanning microscopy, the excitation S§canned across the field of view. The image is
then a function of the convolution of the excitatiBSF with an object and recorded by the imaging
system yielding the effective PSF (image). If twosely spaced objects cannot be discriminated from
each other, the resolution limit of the imagingteys has been reached. This is described by the
Rayleigh criterion and states that these two objeah be resolved if the minimum of first objecFPS
coincides with the maximum of the second objec8& PEffectively, this corresponds to a drop in the
intensity between two equally bright objects of 28% STED microscopy, the effective excitation
PSF is reduced and hence yields a smaller effeBt8fe which allows the separation of closely spaced
objects.

Ernst Abbe's description of the resolution limitfaf-field optical microscope by his
famous formula illustrates that by reducing the &amgth of light, higher spatial
resolution can be achieved. For living biologicainples, however, the high photon
energy of light below approx. 400 nm is detrimendald because of the linear
relationship between resolution and wavelengthjeaaing sub-100 nm resolution
would force the use of light < 280 nm. This ultialgt regime is also called
germicidal because it kills microorganisms and eénde not suitable with live cell
microscopy. Also, the NA of the objective can oblyincreased to a certain limit.
Far-field fluorescence microscopy resolution wasdeelimited by the diffraction
limit of light until 1994 when Hell, S.W. and co#igues have developed the
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theoretical foundations of stimulated emission deph (STED) microscopy that
allows the image formation with theoretically unied resolution[32]. While the
resolution limit of far-field optical microscopy,sadescribed by Ernst Abbe still

stands, several ways around this hard limit haes ldemonstrated.

In contrast to later developed localisation-basggesesolution techniques such as
photoactivated localisation microscopy (PALM)[33,4]3 stochastic optical
localisation microscopy (STORM)[35] and structurdélmination microscopy
(SIM)[36] which work on the principle of single nemlule observation and
localisation, or patterned illumination and measgrof the fringes in the Moiré
pattern in case of SIM, STED operates on the pslaciof modulation of the

excitation point-spread function by a second, dougishaped depletion laser.

As the work presented in this thesis is about thestruction of a two-photon STED
microscope, | refer for review articles on PALM, @RM and SIM to the literature
[37-40]. It shall be noted however, that localisatibased techniques are almost
exclusively operated in total-internal-reflectioiRF) mode which restricts their use
to monolayer cultures, while the STED approach d@adily suitable with thick

biological preparations.

28



Introduction

Stimulated emission depletion microscopy is thecaly able to achieve unlimited
resolution due to a concept known as RESOLFT (&mersible saturable optical

fluorescence transition).

The RESOLFT formalism[41] can be described by agsgntransitions of a
fluorescent molecule between two distinct states B that can be optically driven at
a ratek,z = ol whereo is the transition cross-section ahdhe light intensity. In
turn, the transition betweeB — A = kg, can be driven by light, heat, others or
spontaneous. The kinetics between these stateescebed by

dN,  dNg (1.5)

dr  dt = kpaNp — kapNy

with N, p denoting the normalized population probabilityezfch state. After time
t » (kaptkgs) tie.t =5(kyp + kgs)~! the populations have reached a dynamic
equilibrium atN;° = kg,/(kas + kga). Now the probability of a molecule to be in

either A or B depends atyz and therefore oh

At the saturation intensity,; = kg,/0 an equal probabiliti;° = 1/2. Increasing

I > I, renderse,z > kg, SO that the molecule is shifted to B wily® — 0.

This relationship can be utilised for creating tewily sharp regions of A. The
spatial intensity distributioi = I(x) can be made zero for point kKxx;) = 0 by a

standing wavd = I,cos?(2mnx/A) for one dimension. Fof, > I, all molecules
would be in state B, except for the ones close: te x;. The larger the ratio of

1/1,4: > 1 the smaller the region of state A.

The FWHM of the resulting spot that remains in Ahisn

Ax (1.6)

1 /lqs
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and for focusing light through the finite apertofea microscope objective it follows

Ax = A (1.7)

- 2nsina 1+ 1 /14

Now Ax is also dependent drwhich results forl /I;,; = 100 in an improvement of
Abbe's law by the factor of 10[29].
For two- or three dimensiond{x; = 0) the spatial intensity distribution would be

described by a 2D or 3D doughnut mode.

In STED microscopy, the first implementation of RES-T microscopy, the state A
refers to the fluorescent form of a fluorescentenale and state B to the ground state
(non-fluorescent). The transitiad — B is realised via the principle of stimulated
emission, a process with a cross-section 10° - 108 cnf. As STED competes

with spontaneous fluorescent ded@y~ (1 ns)™*, I;,, can be estimated by, /o to

approx. 10-100 MW/cAj41].
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Figure 6: Principle of STED microscopy by the RESOET approach

The principle of STED using the RESOLFT concept barillustrated utilizing a fluorescent state A
and a non-fluorescent state B. In STED, the tremmsifrom A to B is achieved via intense light
illumination that depletes the excited states @& tholecule before it can relax via the fluorescent
process B. C) Saturated depletion of the S1 witheimsing STED pulse intensityp, as measured by
the remaining fluorescence of an organic fluoroph@epletion of the S1 saturates with increasing
Istep and therefore establishes a nonlinear relationbkigveen the fluorescence and the intensity
applied for STED. The saturation is the essenteinent for the breaking of the diffraction barrier.
Figure and text from[41]. D) The yellow shaded pesf illustrate the spatial region in which the
molecule is allowed to reside in state A. Incregdpresults in an ever decreasing space and hence
increase spatial resolution of a microscope whitlizes this process by scanning it across a
fluorescent sample. Figure is motivated from Figetel in [29].

The RESOLFT concept can also realised with differealecular states, such as the

triplet state or different emission spectra of phswitchable proteins.

In ground-state-depletion (GSD) microscopy StatésAhe ground state SO while

state B refers to the triplet state. Conversionvbeh A and B occurs as a by-product
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of regular excitation because with every excitataycle the molecule crosses the
triplet state with a probability of = 0.05 to 0.2 [42, 43].

Photo-convertible fluorophores have also beenzetilliin the RESOLFT concept.
Here, both states (A and B) are fluorescent buh witferent emission wavelengths
that can be separated by appropriate filters. @mlylight intensities are need for the
cis-trans isomerisation of fluorophores such af85F29], Dronpa-M159T-GE[44]
rsEGFP(N205S)[45]. While initially these photoswiéble proteins suffered from
low fluorescence yield and slow switching kinetidarther protein engineering

should allow much faster image recording times.

A simple way of realizing saturated optical traiositis via intense excitation that
depletes the ground state of a fluorescent moleanteis expected to reside in the
fluorescent state. Here, state B is fluorescentstaig A is non-fluorescent and hence

creates a negative image[29, 46].

Within this thesis | describe STED microscopy of fluorescent proteins GFP and
YFP that uses pulsed light at a wavelength of 6@0for the state transitioA - B
while excitation is realized by a two-photon pracesing femtosecond pulses with a

center wavelength arourid= 910 nm.
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1.4 Motivation

The fine structure of the nervous system poses iderable challenges for
microscopic observation. The nervous tissue is elgnsacked and structures of
interest range from millimetres (brain areas) toametres (synaptic cleft) and single
molecules. Within these dimensions, neurosciensearehers try to record both
structural as well as functional properties of ttiesue. Therefore, specialised

technology has been developed to meet these demands

As described above, the resolution limit of lighicroscopy has posed a hard limit
for the recording of fine details. With the advehsuperresolution technology, these
techniques are being applied to neuroscience. Wighnecessary equipment being
expensive and require a high level of expertisehenuser side, the applications of

STED microscopy for neuroscience questions arebiegwwoteworthy.

The synaptic vesicle protein synaptotagmin-1 wasliet! in fixed hippocampal
neurons and STED imaging revealed prolonged sytegton-1 clusters after the
fission of the vesicle with the membrane, indicgtthat at least some vesicles are
recycled in an intact fashion[47].

In living cultured neurons, a video-rate STED mgoope was used to study the
dynamics of single vesicles in axonal boutons. #swound that vesicles move
quicker inside then outside the boutons[48]. Thesynaptic protein bruchpilot was
observed to be organised in a doughnut-shapedfastentered at the active zone of
the neuromuscular junction. This protein is esséifdr development of the electron-
dense projections (T-bars) and crucial for thé"@hannel organisation and therefore

also for synaptic vesicle release [49, 50].

In recent years, our group has pioneered STED imgagf neuronal structures in
organotypic slice cultures. A first report in 208Bowed the feasibility of STED
microscopy in living cultured hippocampal sliceshigh is a more intact culture
preparation then dispersed hippocampal neuron regltu This work also

demonstrated extended time-lapse imaging of dendyiines expressing YFP in a

33



Introduction

paradigm of chemical LTP induction and subsequempimlogical reorganisation of
the spine head and neck[51, 52]. Subsequent wotkné&d the choice of
fluorophores to life-act YFP expressing neuronsm@ker for actin) for live-cell,
time-lapse imaging and demonstrated the advantagsiog a glycerol immersion
objective to increase penetration depth of STED rosiopy[53]. Lately, the
simultaneous superresolution imaging of two geneticoded fluorophores (GFP and
YFP) was demonstrated in our group. In contragir&vious approaches, this paper
reports on the feasibility of using only two laberams (one for excitation and one for
depletion) for the two fluorophores. As the twodilaphores are excited, quenched
and recorded simultaneously by two detectors, tweyinherently co-aligned and

detected at the same time.

Work from the group of Stephan Hell has recentlyndestrated that is possible to
use STED microscopyn vivo to image dendritic segments and spines in mouse
cortex[54].

Localisation based superresolution imaging appresacuch as PALM and STORM
have also made tremendous contributions to the stat® organisation of neuronal
structures. As an example, the periodic organisatiothe actin cytoskeleton in the
axon was revealed using STORM imaging in culturadhippocampal cells [55].
Here it was also shown how spectrin, adducin ange-gated sodium channels are
arranged within the actin organisation. Anothedtaark paper from the same group
reports on the molecular architecture of chemigabpses in the brain using multi-
color, three-dimensional STORM. Labelling the pregytic protein Basson and the
postsynaptic protein Homerl among ten others, theye able to measure the
synaptic cleft and the organisation of the proteirthin (and with respect to their C-
and N- termii) the synapse[56].

STED microscopes classically excite the fluorophdeea one-photon process and
the signal is detected after a pinhole. It candfoge be accurately described as a
confocal microscope with an increased resolutidme ®bjectives used are typically

high NA oil or glycerol objectives and the micropeois constructed as an inverted

design for mechanical stability. This is unfortwetatlargely incompatible with thick
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tissue preparations because single-photon exgitasicsubject to strong absorption
and scattering and the inverted design impedes uctnt electrophysiological
recordings. An upright microscope design and twotph excitation would therefore

greatly facilitate depth penetration and compatibivith electrophysiology.

The proof-of-principle demonstration of two-photemcitation STED microscopy
was achieved by Moneron et al. in 2009[57] who wsedn-tunable two-photon laser
(A=1060 nm, 117 MHz pulse repetition rate) for exata of Nile Red and ATTO
565 fluorophores. A continuous-wave (CW) kryptosdiag.= 676 nm) was used for
the STED doughnut with about 200 mW in the baclkafg@tane. The microscope was
constructed around an inverted design and a 1.4oMAnmersion objective. The
sample was scanned by a 3D piezo stage whichtédesithe design of the excitation
and detection optics but is relatively slow in terof pixel dwell times and largely
incompatible with live-cell imaging and electroplolegy due to motion effects. The
resolution obtained was reported to be FWHM of BOwith is 4-5 times better than
what would be expected from the two-photon exatatbeam alone. The samples
used were fluorescent beads for the demonstrafitmeaesolution enhancement and
the transcription regulator MB in the cell nucleus of PtK2 cells by primary and
secondary antibodies labelling with ATTO 565. Aatleesolution enhancement was

observable in the NéB staining.

The first report of using two-photon excitation ST Enicroscopy for imaging acute
brain slices was shown by Ding et al. [58]. A tulegbulsed Ti:sapphire lasex<840
nm) and a Ti:sapphire laser operating in continuwage mode ak=760 nm were
used to image neurons (patch-filled with Alexa 584y Crimson Red fluorescent
beads. The microscope featured an upright designeamployed a 1.1 NA, water-
immersion objective. In contrast to the first rapdhe laser beams were scanned
across the field of view by a custom scanner teatured a converging silver mirror
and two galvanometrically driven mirrors. The growghows a resolution
enhancement in Crimson Red beads of FWHM of 28@vhih is reported as a two-
fold increase and a resolution enhancement in sph€A1 pyramidal cell dendrites
with a reported 280 nm spine neck width. A strergftithis study lies in the optical
design because both wavelengths used are within nteg-IR regime. As a
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consequence, only red dyes can be used for thi®saiope which have to be patch-

filled into cells.

The previous reports featured femtosecond pulssztdafor excitation but the STED
power was delivered by a continuous-wave lasehlgh this is technically easier
to realise, the extended illumination of the sampl@ing periods where the
fluorophore is not excited (and can hence not lengled) is likely to be prohibitive
for extended time-lapse imaging of living cells. 3TED microscope that also
features pulsed STED depletion would be advantagaad has been reported by Li
et al. [59]. Here, an inverted microscope, feamram oil-immersion objective, was
used to excite GFP molecules by a two-photon I&se850 nm) while the pulsed
STED laser X=580 nm, pulse duration = 200 ps) originated frorayachronised,
custom-built optical parametric oscillator. Becaate¢he 580 nm STED light, they
were able to resolve EGFP tagged Caveolin-1 in Giéls and reported a single
caveolar vesicle with a FWHM of 68 nm. The desigd aelection of the lasers were
carried out for superresolution imaging of GFP attter green fluorophores but the
sample was scanned with a 3D piezo-scanning stelgeh is largely incompatible
with live-cell imaging and electrophysiology.

Recently, the group of B. Sabatini recently puldidta paper where they present an
upgraded version of their 2PE-STED microscope, fransystem based on a
continuous-wave STEDI[60] to a pulsed STED laser[6tHre, two Ti:sapphire lasers
operating in pulsed mode<810 nm for excitation antl= 736 nm for STED) were
synchronised to excite and quench Alexa 594. Tlhasva a resolution of 60 nm at a
depth of around 30 um in acute brain slices. A$ limams operate in the near-IR
and a spectrally close, chromatic aberration isimmged but the choice of

fluorophores is limited to red dyes.

A novel approach using only a single laser wasntegddoy Bianchini et al.[62]. Here
microtubules were immunolabelled with ATTO647N amdesolution of FWHM =
80 nm was reported. The novelty of this approadhesdemonstration that the same
wavelength can be used for two-photon excitaticsh @RED microscopy. The output

of the laser was split so that one part of therlgssver could be used for classic
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femtosecond pulsed two-photon excitation while tileer part of the power was
directed through glass rods and a polarisation-famimg single-mode fiber so that
the pulses were stretched to ~ 250 ps. These Iqgngses were ineffective for two-
photon excitation but could be used for regular BTguenching of the fluorophore
via single-photon absorption. The strength of thesigh lies in its intrinsic

synchronicity but the choice of fluorophores wamnited to the selected ATTO 647
and both two-photon excitation and the STED demtetwavelength are sub-optimal

if compared to a system with two independent wagles.

Finally, another interesting approach was recesgiynonstrated by Qifeng et al. [63],
using a single Ti:sapphire laser. A fraction of B2 nm continuous-wave pump
laser was separated before entering the Ti:sappbko#ator so it could be used for
guenching of the fluorophore ATTO425. The remainpayver of the 532 nm laser
enters the Ti:sapphire laser to produce femtoseqmudes of A=860 nm. By
combining both beams before passing an acousto-d&tgg cell to reduce the
repetition rate from 80 MHz to 0.25 MHz, this apgehb allows femtosecond
excitation of the fluorophore and 10 ns long STHIDsps. As a consequence, the
pulse separation time is on the same order of madmias the lifetime of the dark
states (typical triplet-state of GFP = 4-25 us[64yhich promises reduced
photobleaching as the illumination of moleculestlwe triplet state increases the
likelihood of photobleaching. In addition, the STHiIDht is not illuminating the
sample between the excitation pulses, although hes long STED pulses are only
marginally shorter than the inter-pulse intervaltiaditional 80 MHz two-photon
excitation (12.5 ns) and still 4-5 times longentliae typical lifetime of fluorophores
(2.5 ns for GFP).
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While the above mentioned reports about two-ph@&@®&ED microscopy introduced

the feasibility of such an instrument, one crupigiht was still missing:

A microscope that combines the strengths of thevipus reports in one single

instrument.
| therefore defined the following objectives foetimstrument to meet:
- Excitation via a tunable two-photon laser

A tunable laser allows the optimization of the &xiwon wavelength for the desired
fluorophores. This is in contrast to the Bianclenial. report where a compromise
between the excitation and the depletion wavelehgitth to be made. As the signal
levels of STED microscopy are, by nature of the BTRrocess, reduced, a

suboptimal excitation wavelength could be detrirakfdr deep tissue imaging.
- Pulsed nature of the STED laser

A pulsed STED laser dramatically reduces the awegwpton load on the sample.
The high peak power of a laser pulse, compared twrdinuous-wave laser, is
sufficient to saturate the depletion of the exciéate. The probability of a molecule
to be in the excited state is defined by the fumctf the average lifetime of the
molecule. For GFP, this is about 4-5 times fast@ntthe repetition cycle of the
pulsed two-photon laser. A continuous wave laseul@valluminate the sample at
times when the molecules have already relaxedeatbund state. Accordingly, the
average power of a continuous-wave STED laser tnidsetincreased to fulfill the

saturation condition of STED at times of excitation

The high average power of a continuous-wave laseutilized in the Moneron et al.
and Ding et al. reports, are likely to be prohimtifor non-invasive two-photon
STED microscopy.

- Upright microscope design

Living brain tissue has to be kept in a physiolaggolution. To prevent the solution
from leaking down on the inverted microscope, the af a coverslip is necessary. As
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the coverslip always creates a refractive indexmaish to brain, the objectives used
on inverted designs are almost exclusively oil imsi@ objectives. On one hand,
this has the advantage of achieving a higher nwaleaperture which, in turn, comes
with a very limited working distance. For thickereparations, such as acute brain
slices, the objective can then not be moved clasehe coverslip to focus through

the specimen to position electrodes precisely.

An upright microscope also has the advantage avémeerted design that the choice
of preparation is not limited to thin specimenstthee close to a cover slip. An
upright design was realised in the Ding et al. re@dthough they used a continuous-

wave STED laser.
- Water-dipping objective

For an upright design where no coverslip is needesater dipping objective can be
utilized. This has the advantage, over oil immarsmbjectives, of a reduced
refractive index mismatch between the immersioniomdand the tissue and hence,
reduced spherical aberrations. A water dipping abje is hence the objective of

choice for deep tissue imaging.
- GFP and YFP as major fluorophores/ dual color esttrapability

GFP is the oldest, and most common, genetic enciha@wphore. Together with the
yellow-shifted variant YFP, it has been introdudeda variety of mouse lines that
stably express GFP in a subset of neurons. Compgaretst fluorophores outside
the green emission spectrum, it is also exceptipnathotostable and bright. In
addition, designing the system for GFP and YFPthasadditional benefit of being
compatible with fluorophores such as Alexa 488 thave, again, better optical
properties when compared to the red-shifted orgdhiorophores. Also, most
calcium indicators emit efficiently in the greenesprum so that they too, at some

point, could be used for STED imaging.

As both the excitation and the emission spectruBP and YFP are overlapping, a

single excitation and a single STED laser can hexl der simultaneous excitation,
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guenching and detection of these fluorophores. digeal is therefore intrinsically

co-aligned.

The drawback of STED microscopy in the green emisspectrum is the complexity
of the STED laser.

- Live superresolution imaging deep inside acutenbsices

Acute brain slices are a very popular brain tisgreparation for measurements on
cellular mechanism of learning and memory. As aseguence of the cutting
procedure, the cells on the surface are damagedhwitroduces the need to be able
to image deeper than a few tens of microns. Assthectures of interest, such as
synapses, spines and axons, are often times srf@eithe diffraction limit of light,
fine morphological correlates of established sywcaptasticity protocols have not
been able to be observed. Although far-field sigserution fluorescence microscopy
does not have the resolution of electron microsabpy compatible with live-cell
imaging. In addition electron microscopy suffersnfr low contrast and lacks the
specificity of genetic encoded fluorophore labgjlilA fluorescent approach also
simplifies the reconstruction of neuronal structurevhich is a slow and labour

intensive process in electron microscopy.
- Compatibility with electrophysiology

The use of a water-dipping objective with a longrkitng distance gives the user
greater flexibility in terms of combined imagingdaelectrophysiological approaches.
This way, experiments addressing the nanoscaléiaresaip between morphology

and functionality can performed.
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2 Results

The results section of includes a book chaptemhefliook “Nanoscale Imaging of
Synapses” published within the Springer Neuromethsaties Volume 84, Editors U.
Valentin Nagerl and Antoine Triller. This chaptectises primarily on the practical
aspects of the design and construction of the tiaatgn excitation STED

microscope.

The second part of the results section includesrayinal research article published
in the Biophysical Journal that describes the nscope and its ability to produce

superresolution images of neural structures ineabtdin slices.

The last part of the results includes various a&agibns of the microscope,
demonstrating nanoscale imaging in common tissepgrations, such as dispersed
cell cultures, organotypic slice cultures, acutaibslices and intact brains vivo.
The enhanced resolution of the microscope alloveddescription of thin segments
on dendrites of granule cells in the dentate gwns$ micro-varicosities on dendritic
spine necks, structural features of neuronal tietiscannot be resolved by traditional
two-photon microscopy. In addition, the microscapa&s used to investigate if the
endogenous protein levels of a VGLUT1-Venus mouskreanobodies raised against

the actin cytoskeleton are suitable markers for[3TE
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2.1 Book chapter: Nanoscale Imaging of Synapses

Springer, 2013

Chapter 11: Two-photon STED microscopy for imagingsynapses and glia in
acute brain slices

Philipp Bethge and U. Valentin Nagerl

Interdisciplinary Institute for Neuroscience (IINS)

University of Bordeaux & CNRS UMR 5297, Bordeauxafice
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Chapter 11

Two-Photon Excitation STED Microscopy for Imaging
Synapses and Glia in Acute Brain Slices

Philipp Bethge and U. Valentin Nagerl

Abstract

STED (stimulated emission depletion) microscopy is a novel fluorescence microscopy technique that provides
unprecedented access to dynamic processes of living cells with a spatial resolution well below 100 nm, even
down to a few nanometers. By breaking the classical diffraction barrier of optical microscopy, it offers the
chance to close the gap in spatial resolution between electron microscopy and conventional light micros-
copy and is attracting attention as a potential game-changing imaging technology.

The first-generation STED microscopes typically suffered from significant disadvantages over confo-
cal or two-photon microscopy, regarding labeling, live-cell compatibility, color contrast, and depth pene-
tration. However, due to several recent technical developments, these teething problems have been largely
overcome. Similar to confocal microscopy, STED microscopy can be readily combined with a powerful
array of complementary techniques, such as photo-uncaging, fluorescence recovery after photobleaching
(FRAP), and patch-clamp electrophysiology, giving experimental access to a rich set of molecular, struc-
tural, and functional data.

Here, we present a primer on two-photon excitation STED microscopy, its basic principles and instru-
mentation requirements, providing a detailed how-to guide for the construction and operation of a STED
microscope for two-color nanoscale imaging of neural morphology deep inside living brain slices.

Key words STED microscopy, Two-photon excitation microscopy, Live-cell superresolution
imaging, Nanoscale morphology of neurons and glia, Acute brain slices

1 Introduction

1.1 Development Fluorescence microscopy has become one of the dominant

of STED Microscopy experimental techniques in the biosciences, because it can capture
dynamic events inside living cells with exquisite sensitivity and
specificity. However, the spatial resolution of conventional optical
microscopy is limited by the diffraction of light to around half the
wavelength of the light used in the microscope [1], which makes
it difficult to investigate many subcellular compartments such as
synapses or glial processes, because they can be considerably smaller
than the diffraction limit (<200 nm).

U. Valentin Nagerl and Antoine Triller (eds.), Nanoscale Imaging of Synapses: New Concepts and Opportunities, Neuromethods,
vol. 84, DOI 10.1007/978-1-4614-9179-8_11, © Springer Science+Business Media New York 2014
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Fortunately, recent advances in optical microscopy tech-
niques have broken the diffraction limit, starting the new era of
superresolution fluorescence microscopy. Stimulated emission
depletion (STED) microscopy was the first viable concept in this
respect [2, 3], but other powerful techniques based on single-
molecule imaging (PALM/STORM) were developed soon after-
ward [4-6].

As a result, it is now possible to perform sub-diffraction cellu-
lar imaging with a spatial resolution well below 100 nm, opening
up exciting research avenues for neuroscience and synapse research
in particular.

Initially, STED microscopy was used for studying the distribu-
tion of immunolabeled synaptic proteins in fixed neuronal cultures
[7-9]. Subsequently, it became possible to also use it for live-cell
imaging applications, e.g., revealing synaptic vesicle dynamics in
nerve terminals [10] or imaging the morphology of dendritic
spines in organotypic brain slices [11].

Since then, many aspects of STED microscopy have been
improved, regarding setup complexity and robustness, labeling
and multicolor imaging, and sample preparation and handling,
substantially expanding the scope and usefulness of this novel tech-
nique for neurobiologists.

Like most other superresolution techniques, STED micros-
copy was initially limited to monolayers of dissociated cells or cells
right on the surface of the sample. But it has now been successfully
extended to thick tissue preparations, including brain slices [12]
and intact brain in vivo [ 13], through the use of glycerol objectives
equipped with a correction collar, which reduces spherical aberra-
tions as compared with oil objectives. In addition, STED micros-
copy has recently been combined with two-photon excitation
using long-working distance water objectives and an upright
microscope design [14, 15].

These were important steps because many biological prepara-
tions, such as the popular acute brain slice preparation, require
deep optical access, i.e., beyond the layer of dead cells and debris
on the surface, and there needs to be enough space for inserting
pipettes for electrophysiological recordings or local perfusion.

In this chapter, we will describe how STED microscopy can be
used for live-cell imaging in two colors with a lateral resolution of
around 50 nm. We start out by going over the basic principles of
STED microscopy, before describing the technical challenges and
practical solutions concerning the construction and operation of a
homebuilt upright STED microscope, which is based on two-
photon excitation and pulsed fluorescence quenching. We close by
presenting a couple of application examples of STED imaging of
the morphology of dendrites and microglia cells deep inside
(~50 pm) acute brain slices.
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1.2 Basic Concept The spatial resolution of a scanning fluorescence microscope is
of STED defined by the size of the focal excitation volume, termed point

spread function (PSF) of the microscope. The spatial extent of
the PSF therefore defines the minimal distance at which two
closely spaced objects can still be resolved. Because of the diffrac-
tion of light, its size is on the order of a few 100 nm in the lateral
dimension, depending on the wavelength of light (1) and the
numerical aperture (NA) of the objective, according to the Abbe
formula [1]:

A

Fm 1
2*NA 1)

The basic idea of STED microscopy is to reduce the size of the
PSF and hence improve the spatial resolution of the microscope,
by spatially constricting the fluorescence signal. This is accom-
plished by a second, red-shifted laser (the STED laser), which
quenches the fluorescence by the process of stimulated emission.
Because the STED laser features a doughnut-shaped intensity dis-
tribution with a deep zero in its center, the fluorescence inhibition
is restricted to the edge of the PSF allowing signal light to be col-
lected from the center. By increasing the intensity of the STED
laser, the size of the central region, from where fluorescence is
permitted to occur, can be made in principle arbitrarily small. As a
result, the Abbe formula takes on this new form:

q= A
2*NA* 1+ 1gy, / I

(2)

where Lrgp denotes the incident power of the STED laser and I
the intensity at which half of the molecules are quenched [16].

According to Eq. 2, dtends to zero as Isrgp increases. In this
way, a resolution of 5.8 nm has been achieved for samples of dia-
mond crystals, which is about two orders of magnitude smaller
than the wavelength of the excitation light [17].

The STED laser is usually tuned to the long wavelength tail
end of the emission spectrum, where it does not excite the mol-
ecules, and where it can be separated well from the fluores-
cence signal by standard dichroic mirrors and emission filters
(Fig. la—c).

Because the time that the molecules spent in the excited state
is short (the fluorescence lifetime of fluorescent proteins and green
organic dyes like Alexa 488 is a few nanoseconds), it is better to use
pulsed lasers, which achieve much more efficient fluorescence
quenching for a given amount of STED laser intensity.
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Fig. 1 Basic principle of STED microscopy. (a) Principle of STED microscopy. A diffraction-limited two-photon
excitation spot is scanned across the sample, and its emission signal is detected. In STED microscopy,
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2 Materials

2.1 Optical To begin with, great care must be taken to create a diffraction-limited
Components for Beam PSFE of the excitation and the STED light. To achieve this, the
Steering choice of optical components is critical, and only high-quality opti-

cal components with an optical flatness of 1/10 should be used.
Because of the dependence of two-photon excitation on pulse
width, care has to be taken not to stretch the pulses in time exces-
sively while propagating through the optical components. For
beam steering, dedicated two-photon mirrors (for excitation) and
dielectric visible mirror (for STED light and fluorescence) are
available. High-grade silver mirrors can be used when all wave-
lengths (two-photon, STED, and emission signal) are combined as
they reflect (598 %) over a broad range of wavelengths (375-
1,000 nm) while keeping pulse dispersion to a minimum. It is
helptul to use a motorized 45° flip mirror as the final mirror before
the objective so that it can be flipped out of the way to allow for
wide-field imaging.

In addition, various components such as lens telescopes, half-
wave plates (1/2), quarter-wave plates (1/4), and polarizing beam
splitters as well as instruments and tools for beam diagnostics and
alignment such as beam profiler, power meter, spectrometer, shear
plate, and oscilloscopes are essential.

2.2 Microscope Base  To minimize temperature drift and mechanical vibrations, it is
and Objective important to mount all components as close as possible to the table
(1" posts). For an upright microscope, it is therefore recommended
to raise the essential components via a breadboard to the height of
the scan-tube lens axis (Fig. 2). The use of a modular research-
grade upright microscope has the advantage that essential optical

<

Fig. 1 (continued) a doughnut-like quenching beam is superimposed on the excitation beam. The quenched
molecules in the periphery of the STED beam do not fluoresce anymore, and, hence, the detected emission
signal originates only from the center of the STED doughnut. The resolution of the STED microscope is then,
in addition to Abbe’s law (A wavelength, NA numerical aperture), also defined by the power of the STED
beam (/) and a property of the dye (/). (b) Spectral schema and reflection from gold beads for spatial align-
ment. As the two-photon beam is in the near-IR spectrum (910 nm), the emission signal can be detected
over a broad range (<600 nm). The STED beam at 600 nm allows simultaneous quenching of GFP and YFP.
The reflections form gold beads are detect with a PMT and used for spatial alignment of the excitation and
the STED beam. Excitation action cross section from Warren Zipfel, Cornell University, USA (Scale bars, 500 nm).
(¢) Synchronization of two-photon and STED pulses. A line scan of a calcein solution demonstrates the
quenching effect of the STED laser if excitation, and STED pulses are synchronized and optimally delayed
in time. A quenching efficiency of 80 % can be achieved. Varying the relative delay between the pulses
allows for direct measurement of the STED pulse width and the lifetime of the molecule. (d) A resolution
of 62 nm can be observed on 40-nm-large fluorescent beads. This is strongly contrasted to the 368 nm
measured in two-photon mode alone and illustrates a sixfold improvement in lateral resolution
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ewwport

Fig. 2 Design of homebuilt two-photon excitation STED microscope. (a) Overview
of the custom build two-photon STED microscope. (b) Its light sources. (c) The
optical beam path. An upright Olympus BX51-WI is modified so that dedicated
scan-tube lenses can be incorporated. The beam is deflected via a motorized flip
mirror toward the piezo-actuator-controlled objective. Electrophysiological
recording equipment is mounted on the motorized stage (1). The excitation laser
(910 nm) originates from a Ti-Sapphire laser (Millenia/Tsunami) (2). This laser is
synchronized to the STED laser, consisting of the Ti-Sapphire laser Mai Tai (3),
pumping an OPO (4). The STED light is then coupled into a 20-m-long single-mode
fiber (5). All laser attenuation is realized via electro-optical modulators (6). The
STED laser passes a polarizing beam splitter (7), the vortex phase mask (8), and a
/2 wave plate (9). STED and 2P lasers are combined using a dichroic mirror (10).
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components are included, such as condenser, light illuminator, and
phase contrast, facilitating the combination with an electrophysiol-
ogy setup. Our system is developed around an Olympus BX-51WI
in conjunction with a motorized sample stage (380FM, Luigs &
Neumann, Reutlingen, Germany).

As opposed to conventional light microscopy, where the
numerical aperture of the objective and the excitation wavelength
define the spatial resolution, in STED microscopy the optical reso-
lution also depends on the power of the STED light. Nevertheless,
when combining STED microscopy with two-photon excitation,
high-NA objectives have the advantage of minimizing the excita-
tion PSE, allowing for efficient two-photon excitation. A water-dip-
ping objective of NA 1.1, long-working distance (1.5 mm) equipped
with a correction collar and high visible and near-IR transmission
(Olympus LUMFI 60x, NA 1.1) can be used to this end [15].

2.3 Two-Photon In principle, the light source used for STED quenching can be
Excitation Laser either continuous wave (CW) or pulsed lasers. CW lasers are easier
Source, to implement while pulsed lasers have the advantage of restricting
Synchronization with the optical power to the time the fluorophores is excited. This
the STED Laser greatly reduces the photon load and hence photodamage of the

sample. To ensure that the STED pulses have the right timing in
respect to the excitation pulses, the excitation two-photon laser
needs to have the option of electronically varying the cavity length
so that it can be synchronized to the STED laser. This can be
achieved by phase-locked loop electronics, which are commercially
available from the two-photon laser companies Spectra-Physics
and Coherent (Lok-to-Clock or Synchrolock). This solution can
be implemented on a Spectra-Physics Tsunami HP fs 15 W with
Model 3930 Lok-to-Clock for excitation but is not compatible
with the modern generation of Ti-Sapphire lasers (i.e., Mai Tai or
Chameleon). A Pockels cell (Conoptics, Danbury, CT) can be
used to control the laser beam power for the imaging beam path.

2.4 STED Laser and The STED laser is an essential component of the system and should
Optical Parametric be chosen according to the emission spectrum of the desired fluoro-
Oscillator phores. For green/yellow fluorophores such as GFP and YFP, a
combination of a Ti-Sapphire laser (e.g., Spectra-Physics Mai Tai
HP, wavelength: 797 nm, repetition rate ~80 MHz, pulse duration

<
<

Fig. 2 (continued) Signal light is separated from the excitation and quenching
lasers via a dichroic mirror (11) before passing suitable blocking and emission
filters (12), focused on multimode fibers and detected via avalanche photo diodes
(13). Two-photon and STED lasers are routed through a A/4 (14) and into a beam
scanner (15). 3D illustration performed with free version of Trimble SketchUp
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~200 fs) pumping an optical parametric oscillator (such as OPO
BASIC Ring fs RTP, APE, Berlin, Germany) is a powerful solution.
This STED-OPO system provides the trigger signal for the synchro-
nization with the two-photon laser. The incident STED laser power
at the back focal plane is controlled via a dedicated Pockels cell.

2.5 STED Pulse The OPO is tuned to 598 nm and delivers pulses of 200 fs duration
Dispersion in Glass with a repetition rate that is defined by the pump laser (~80 MHz).
Rod and Polarization- These pulses need to be stretched in time to allow for efficient
Preserving Fiber fluorescence quenching and to avoid unintended multiphoton

excitation. A 25-cm glass rod (SF6) stretches the pulses to around
~2 ps before being coupled into a 20-m-long polarization-
maintaining single-mode fiber (Schifter+ Kirchhoff, Hamburg,
Germany). The pre-broadening of the pulses in the glass rod pro-
tects the fiber from being damaged by the high-energy pulses and
reduces spectral broadening within the fiber. A band-pass filter
(593,/40, AHF Analysentechnik, Tiibingen, Germany) is used to
spectrally clean up the light after the fiber.

2.6 Pulse Delay The synchronization of the laser pulses is realized via dedicated

Generator phase-locked loop electronics from the manufacturer of the excita-
tion two-photon laser (Spectra-Physics, Model 3930 Lok-to-
Clock). The exact pulse frequency of the lasers can be read out
from fast photodiodes via a reflection of the laser beam or from the
internal photodiodes. The ability to adjust the relative temporal
delay between the pulses is essential for the optimization of STED
quenching. The system in use allows for a temporal delay of 2 ns.
Alternatively, the relative temporal delay can be optimized by
changing the optical path length. As this involves the movement of
optical components, beam misalignment during the delay adjust-
ments can occur. A fast photodiode (such as 3932-LX, Spectra-
Physics) under the objective can serve as a readout for the initial
temporal coarse alignment.

2.7 Helical Vortex The shape and the quality of the central null of the STED dough-

Phase Mask nut are essential to the performance of the microscope. A helical
vortex phase plate (RPC Photonics, Rochester, NY), mounted on
a xy-translation stage, is used for the generation of the STED
doughnut. A polarizing beam splitter before the phase mask
“cleans” the polarization state of the incident light so that the
phase plate can create a destructive interference pattern in the cen-
ter of the beam resulting in the doughnut-like intensity distribu-
tion in the focal plane. To shape the doughnut, 4/2 and 1/4 wave
plates before the scanner are used to optimize both the symmetry
and the central null intensity of the doughnut.
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2.8 Dichroic Filters The dichroic mirrors in use have to fulfill the 1/10 criterion and
for Merging the Two are typically dielectrically coated and 5 mm thick. We use a short-
Beams and Filtering pass dichroic (F73-700UV, AHF) to combine both the STED and
Out the Emission the two-photon beam before they pass a long-pass dichroic (580
Signal DCXRUYV, AHF) to separate the emission signal and direct it to
the photo detectors (see Sect. 2.10).
2.9 Beam Scanner For live-cell applications and the combination of imaging and
and Fast Nano- electrophysiology, beam scanning is preferred over stage scanning,
positioner of even though the implementation is more challenging. Creating a

Microscope Objective stationary beam at the back focal plane is critical and realized via a
scan and tube lens combination (FV300/U-TLUIR, Olympus,
Hamburg, Germany) in conjunction with a telecentric galvo scan-
ner (Yanus IV, TILL Photonics, Grifelfing, Germany). On upright
systems, it is helptul to define an objective height position and
adjusting the stage so that a stable beam position can be achieved.
Fast scanning in the z-dimension can be realized via a piezo-driven
objective positioner (P-725, Physik Instrumente, Germany). Note
that electronic noise and ground loops can interfere with the beam
scanning, creating unwanted artifacts in the image.

2.10 Photodetectors Due to the low signal count of STED images, high-quality detectors
are very important. Both avalanche photo diodes (APDs) and pho-
tomultiplier tubes (PMTs) have been used on STED microscopes.
APDs have the clear advantage of higher quantum efficiency and
very low dark counts while the PMTs ofter a higher dynamic range
and larger detection area. New-generation hybrid detectors might
fill this gap in the foreseeable future. Our system is equipped with
two APDs (SPCM-AQR-13; PerkinElmer, Fremont, CA) to allow
for two-channel spectral detection of the emission signal. A dichroic
mirror (514RS, Semrock) separates the emission light in two chan-
nels. Both channels are focused via long focal length (=300 mm)
lenses onto multimode fibers with a 100-pm core diameter, corre-
sponding to about 120 % of the back-projected Airy disk.

Because of the use of high-power STED and two-photon lasers,
care has to be taken to efficiently shield the detectors from the
excitation/STED light by suitable optical filters, such as a STED
blocking filter (594S-25), a two-photon blocking filter (680SP-25),
and an emission band-pass filter (520-70, all Semrock, Rochester,
NY, USA). Due to the small detection area of APDs, detection has
to occur in descanned mode. For imaging deeper inside the tissue,
i.e., beyond the scattering length of photons (~100 pm), proximity
PMT detectors (in a non-descanned arrangement) can be used,
which collect scattered photons more efficiently [14].

2.11  Perfusion The recording chamber is equipped with temperature control (via

Recording Chamber the stage) and a perfusion system, designed for coverslips with a
diameter of 18 mm. Due to the upright design of the system, stan-
dard electrophysiological chambers can be used.
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3 Methods

3.1 General As STED microscopy relies on the modulation of the excitation

Alignment of Beams PSFE by the STED beam, a precise alignment of the two beams is
critical. Coarse beam path alignment is realized by sending either a
green test diode laser or by using the STED laser backward, start-
ing at the objective position. The scan mirrors need to be parked
in their central position during this process. Because of the upright
design, it can be difficult getting the test laser diode at the correct
position. One solution is to couple the diode laser into a single-
mode optical fiber and mounting the collimated output instead of
the objective. Additional problems arise from the poor perfor-
mance of Ti-Sapphire laser mirrors in the visible spectrum and the
dichroic mirrors that transmit/reflect the laser diode light to only
one beam path. Either a red diode laser can be used or the back-
ward alignment is terminated at two pinholes that serve as reference
to the forward beam alignment. The STED beam path is well
aligned when the test laser can be coupled through the single-
mode fiber that usually carries the STED light. The detectors are
coarsely aligned via the test diode laser (taking care not to send the
test laser directly onto the detectors) or by exciting a dye solution
(i.e., calcein) and aligning the resulting fluorescence that can be
seen on a white card in darkness. Two-photon lasers are class 4
lasers and require the use of eye safety equipment.

3.2 Making The shape and quality of the STED doughnut is essential to the
Doughnuts performance of the microscope. Using gold nanospheres (diame-
ter=150 nm; BB International, Cardiff, UK) and a pellicle beam
splitter (Thorlabs, Maisons-Laffitte, France), the reflection of the
gold beads can be directed toward a detector, such as a PMT. Here,
one should consider the detection range of the PMT since both
the ~600-nm STED light and the near-infrared two-photon light
have to be detected. The reflection from the gold bead is a good
indicator for the alignment of the beams, verifying that both beams
are superimposed and the reflections do not show a tilt in one or
the other direction. When the helical phase plate is correctly placed,
it produces a clearly visible dark spot in the profile of the laser
beam at some distance from the phase plate. This dark spot has to
be centered in the beam but can be slightly adjusted with the xy-
translation stage. By adjusting both the 1/2 and 1/4 wave plates
before the scanner, the symmetry of the doughnut and the quality
of the central null can be optimized while observing the gold bead
reflections. Rotating the 4/2 will allow the user to optimize the
symmetry while rotation of the 4/4 has a strong effect on the cen-
tral minimum. A slight tilt of the 4/4 might yield a slightly better
central minimum. The STED beam is optimally modulated when
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the doughnut is symmetric and the central null approaches 1 % of
the intensity of the rim. Alignment of the beams in the z-direction
can be achieved by slightly de-collimating one or both beams.

3.3 Evaluating As STED microcopy crucially relies on the ability of the STED
Microscope laser to quench the fluorescence of the excited molecules, testing
Performance the quenching efficiency is one of the first steps in determining the

performance of the microscope. Only when the beams are aligned
in space and time, can a quenching efficiency of ~80 % be expected.
The resolution of the STED system is most commonly assessed by
imaging sub-diffraction-sized fluorescent beads that emit in the
desired wavelength. Note that 40-nm-sized beads are hard to
image with a two-photon microscope because they bleach very
rapidly so that for the daily routine, 170-nm beads will provide
enough information to evaluate the correct alignment.

3.4 Acute All acute brain preparations can be used on this system, among

Brain Slices them the widely used acute hippocampal slice preparation.
Protocols on the preparation of acute brain slices can be found
elsewhere [ 18]. We use a standard NaCl-based artificial cerebrospi-
nal fluid (ACSF) solution consisting of (in mM) 124 NaCl, 3 KCl,
26 NaHCOj3;, 1.25 NaH,POy, 10 glucose, 2 CaCl,, 1 MgCl,, and
0.6 Trolox (pH 7.4, osmolarity ~305 mOsm/L). Trolox is an anti-
oxidant that protects cells from free radicals produced by fluores-
cence excitation. Because of the relatively low signal of STED
images, we selected strongly fluorescent mice lines, such as the
Thyl-YFP and the CX3CR1-GFD.

3.5 Imaging Living The quality of the slices is essential for obtaining high standard
Brain Slices images. Lower-quality slices have a thick layer of damaged cells on

the surface, which typically introduces high background fluores-
cence. To obtain images from healthy cells, the objective height
should be adjusted to at least ~20 pm below the surface. Strong
background fluorescence induced by the STED beam alone can be
observed in non-healthy slices, indicating the need to terminate
the experiment. Laser intensities, image size, pixel size, and dwell
time have to be adapted for the desired resolution, fluorophore,
and depth. Two-photon laser intensities are typically in the range
of 10-25 mW and slightly higher for STED (20-40 mW), mea-
sured at the back focal plane of the objective. Pixel size should
adhere to the Nyquist sampling theory and is usually between 20
and 40 nm for STED microscopes.

3.6 Two-Color Our dual-color schema relies on the fact that the emission of two
STED Imaging by highly overlapping spectra can be separated by their relative con-
Linear Unmixing tributions on the two installed detectors [ 19]. Post-hoc analysis
of GFP and YFP of'a known cell population allows the calculation of the so-called
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mixing matrix, which in turn can be used for the identification of
the fluorescence contributions for each pixel. The same STED
wavelength can be used for quenching GFP and YFP, with the
advantage that both colors are acquired simultaneously and are
inherently co-aligned [19].

3.7 Image Analysis As STED imaging employs raster scanning, no post-hoc analysis is
necessary to produce a superresolved image as in other superreso-
lution techniques (such as SIM, PALM, STORM). Measurement
of fine structures, such as spine necks, should be performed on
raw data of single frames instead of z-projections. This decreases
the risk of including pixel from structures above and below the
structure of interest. Using averaged intensity profiles from 2 to 3
pixel wide lines reduces the contribution of outlier values.
Quantification of the line profiles should report the full width at
half maximum (FWHM) done either on plotted observed values
or by using nonlinear fit functions (such as Lorentzian or Gaussian
functions). Two-photon STED image profiles seem to be fitted
better with Lorentzian than with Gaussian functions. For presen-
tation purposes only, images can be de-noised by using median or
Gaussian filters.

4 Notes

1. Using a “hands-off” Ti-Sapphire laser (such as the Mai Tai or
the Chameleon series) as the pump laser for the OPO has the
advantage of minimizing alignment procedures during start-
up of the system.

2. Since the resolution of STED microscopy depends on the
intensity of the STED light, lower NA objectives can be used
as well. We have acquired superresolved images using a water-
dipping objective of NA 1.0 (data not shown).

3. It is critical not to introduce any translation of the beam while
operating a laser power attenuation device such as a motor-
ized, rotating 1/2 wave plate, placed in front of a polarizing
beam splitter as this results in small, nevertheless detrimental
horizontal translation of the STED beam. An electro-optical
modulator, placed in front of the STED fiber, works very well.
In addition, it is recommended to send only the necessary
STED power through the fiber to minimize damage on the
fiber core. Therefore, the power should be adjusted before the
fiber input coupling.
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5 Application Examples

5.1 Alignment Figure 1b shows an image created by the reflection of gold beads on

and Performance a PMT. The correct alignment of the two beams in xy- and z-direction
and the quality of the STED doughnut can be verified with this test.
In Fig. 1c, the fluorescence intensity of a calcein solution is strongly
reduced by an optimally aligned and synchronized STED beam.
If synchronization is disabled, despite the same optical power reaching
the sample, quenching of the STED beam is strongly diminished.
By varying the relative delay of the synchronized pulses, an estimate
of both the width of the STED as well as the lifetime of the molecule
can be obtained as proposed previously [20]. Using 40-nm-sized
fluorescent beads, the optical resolution of the microscope can be
assessed (Fig. 1d).

5.2 Life Cell Imaging  All presented images originate from acute brain slices. Figure 3
shows several examples of two-photon STED images recorded in
either CA1l of the hippocampus or in the cortex. In Fig. 1a, the line
profile across a spine neck illustrates that with conventional two-
photon microscopy, this spine would be described as having a very
large spine neck. Using STED microscopy, it becomes apparent
that the structure consists of two, closely spaced, spines necks. The
individual spine heads are located along above the plane presented
and hardly visible because of the diffraction-limited z-resolution.
In Fig. 3b, we have acquired several z-stacks along the primary
dendrite of a cortical neuron, starting at the soma and spanning a
total length of 540 pm. The higher magnification images B1 and
B2 illustrate the sub-diffraction sized spine necks along the den-
drite. In Fig. 3¢, two examples of microglial processes (green) in
close proximity to superresolved spines are presented. The left
image (maximum intensity projection) was created by assigning
each channel a color (green and red) and simply merging the two
colors. The right image (single frame) was linearly unmixed, using
an Image] Plugin (“Spectral Unmixing” by Walter J). For Fig. 4,
we acquired the same z-stack every 2 min and present maximum
intensity projections of the same structure. A modest change over
time is detectable on most structures while obvious photodamage
is not observed. Again, spine neck diameters, well below the dif-
fraction limit of two-photon microscopy can be measured.
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Fig. 3 Nanoscale imaging of neural marphology in acute brain slices. (a) Comparison of a hippocampal
CA1 dendritic segment recorded from an acute brain slice in two-photon versus two-photon STED mode.
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Fig. 4 Time-lapse two-photon excitation STED imaging of neuronal morphology. Crop of median filtered maxi-
mum intensity projections of 6 stacks, recorded every 2 min at a depth of — 23 pum in cortex (6 frames per stack,
Az=500 nm, every frame is 20 pmx20 um, 512 x 512 pixel, pixel size 40 nm, 30 ps pixel dwell time).
Several spine necks with diameters well below the diffraction limit of classic two-photon microscopy are vis-
ible. The arrows point at structures, which are morphologically dynamic under physiological conditions, in the
absence of signs of photodamage (such as blebbing)

<

Fig. 3 (continued) The line profile of the spine neck (indicated by white line) clearly resolves two structures
when imaged in STED mode. The FWHM of the individual spine neck indicates diameters of 115 nm and
132 nm, respectively. The images were recorded 49 um below the surface of the slice. Presented is a
crop of a median filtered image from a z-stack, each 512 x 512 pixel, 20-nm pixel size, 30-us pixel dwell
time. (b) Reconstruction of a cortical Layer 4/5 neuron from an acute brain slice. The main dendrite of a
single neuron was reconstructed by recording 17 stacks, each 1,024 x 1,024 pixel, 40-nm pixel size, 15
frames per stack (Az=500 nm), 30-pus pixel dwell time. The dendrite was located 45-90 um below the
surface of the slice. Maximum intensity projections were arranged using an Imaged Plugin (“2D stitch-
ing” by Preibisch, S). White boxes B1 and B2 indicate position of the higher magnification images below.
Spine neck widths of 192 and 186 nm can be observed. Using this approach, neuronal morphology and
fine structures can be studied in a high-throughput manner. (¢) Microglial processes in close proximity to
neuronal spines of cortical neurons. Both merging of channels (/eff) and linear unmixing (right) allow
sufficient contrast to distinguish cell types. Spine neck widths of 135 and 145 nm can be measured in
single planes
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Two-Photon Excitation STED Microscopy in Two Colors in Acute Brain
Slices
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ABSTRACT Many cellular structures and organelles are too small to be properly resolved by conventional light microscopy.
This is particularly true for dendritic spines and glial processes, which are very small, dynamic, and embedded in dense tissue,
making it difficult to image them under realistic experimental conditions. Two-photon microscopy is currently the method of
choice for imaging in thick living tissue preparations, both in acute brain slices and in vivo. However, the spatial resolution
of a two-photon microscope, which is limited to ~350 nm by the diffraction of light, is not sufficient for resolving many important
details of neural morphology, such as the width of spine necks or thin glial processes. Recently developed superresolution
approaches, such as stimulated emission depletion microscopy, have set new standards of optical resolution in imaging
living tissue. However, the important goal of superresolution imaging with significant subdiffraction resolution has not yet
been accomplished in acute brain slices. To overcome this limitation, we have developed a new microscope based on
two-photon excitation and pulsed stimulated emission depletion microscopy, which provides unprecedented spatial resolution
and excellent experimental access in acute brain slices using a long-working distance objective. The new microscope
improves on the spatial resolution of a regular two-photon microscope by a factor of four to six, and it is compatible with
time-lapse and simultaneous two-color superresolution imaging in living cells. We demonstrate the potential of this nanoscopy
approach for brain slice physiology by imaging the morphology of dendritic spines and microglial cells well below the surface

of acute brain slices.

INTRODUCTION

Most neurons in the mammalian brain are studded with
hundreds to thousands of dendritic spines (1). Spines are
tiny specializations of the postsynaptic membrane that are
packed with receptors, ion channels, and other signaling
complexes and mediate fast excitatory synaptic transmis-
sion in the brain. Their structural dynamics are thought to
be critical for brain development and experience-dependent
synaptic plasticity throughout life (2).

Thus, quantitative measurements of the structure and
function of spines have been a primary endeavor in neuro-
science research for a long time. Getting reasonable optical
access is a huge challenge, because they are embedded in
dense brain tissue and are oftentimes smaller than what
can be resolved by diffraction-limited light microscopy,
including two-photon (2P) microscopy.

Moreover, recent studies indicate that spines also interact
directly with surrounding glial cells, like astrocytes and
microglia (3,4), which extend extremely thin processes.
Hence, to study how spines operate and interact with their

Submitted August 27, 2012, and accepted for publication December 11,
2012.

*Correspondence: valentin.nagerl @u-bordeaux2.fr

This is an Open Access article distributed under the terms of the Creative
Commons-Attribution Noncommercial License (http://creativecommons.
org/licenses/by-nc/2.0/), which permits unrestricted noncommercial use,
distribution, and reproduction in any medium, provided the original work
is properly cited.

Editor: Paul Wiseman.

© 2013 by the Biophysical Society

0006-3495/13/02/0778/8  $2.00

partners in a complex and dynamic environment, it is essen-
tial to image several cell types at the same time with suffi-
cient spatial resolution below the diffraction limit. In
recent years, several big steps have been made in developing
methods to make this possible.

Starting a new era in optical microscopy, stimulated emis-
sion depletion (STED) microscopy (5-7) has allowed for
nanoscale imaging of dynamic events in living tissue,
imaging synaptic vesicles (8) and spine morphology (9).
Furthermore, several strategies were recently developed
for multicolor STED imaging (10-13).

Most STED studies to date have been done in culture
systems using oil objectives (e.g., Westphal et al. (8), Nigerl
et al. (9), and Willig et al. (14)), but the experimental prep-
aration of choice for synaptic physiologists is acute brain
slices. To record healthy cells in acute brain slices, it is
necessary to image a few tens of microns deep in the tissue,
which cannot be done with oil objectives. Although glycerol
objectives can substantially extend optical penetration with-
out compromising spatial resolution (15), they are not com-
patible with acute brain slices, which call for an upright
microscope design and water-immersion objectives with
long working distances to accommodate electrophysiolog-
ical recording electrodes.

The combination of 2P excitation and STED (2P-STED)
microscopy (16,17) opened new perspectives for superre-
solution imaging in deep tissue. However, the use of contin-
uous wave (CW) STED lasers limited the spatial resolution
to 250 nm in living tissue (16).

http://dx.doi.org/10.1016/j.bpj.2012.12.054
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In this study, our goal was to overcome these limitations
and to achieve true subdiffraction imaging in acute brain
slices a few cell layers below the tissue surface, which corre-
sponds to a depth usually targeted in patch-clamp electro-
physiology experiments. To this end, we developed a new
2P-STED microscope incorporating a pulsed STED laser,
a long-working distance water objective and spectral detec-
tion for two-color imaging.

We characterize the 2P-STED microscope and illustrate
its potential by imaging dendritic spines in acute brain
slices. The spatial resolution in the focal plane of the new
microscope is four to six times better than that of a regular,
diffraction-limited 2P microscope. Furthermore, we show
that the microscope is compatible with time-lapse and
two-color superresolution imaging, using transgenic mice
in which neurons and microglia are labeled with yellow
(YFP) and green fluorescent protein (GFP), respectively.

MATERIALS AND METHODS
Lasers

A femtosecond mode-locked Ti:Sapphire laser (Mai Tai, Spectra-Physics,
Darmstadt, Germany) operating at ~80 MHz and a wavelength of 797 nm
was used in combination with an optical parametric oscillator (OPO BASIC
Ring fs, APE, Berlin, Germany) to produce pulses at a wavelength of
592 nm (STED laser). The pulses of originally ~200-fs duration were
stretched to >68 ps by passing them through a 25-cm dispersive glass
rod (high-refractive-index flint glass) and a 20-m-long polarization-
preserving fiber (Schifter & Kirchhoff, Hamburg, Germany). A reflection
from the STED laser was used to synchronize a second mode-locked ultra-
fast Ti:Sapphire laser (Tsunami, Spectra-Physics) operating at 910 nm for
2P excitation (2P laser).

Synchronization and fine pulse delay (<2 ns) was performed via phase-
locked loop electronics (3930, Lok-to-Clock, Spectra-Physics), while the
coarse delay was set by varying the length of the BNC cable, using a fast
photodiode (3932-LX, Spectra-Physics) placed below the microscope
objective for readout.

Laser intensities were controlled via dedicated electro-optical modula-
tors (Conoptics, Danbury, CT) for the 2P and STED laser beams. The
time-averaged power at the back focal plane (BFP) of the objective was
between 15 and 25 mW for the 2P light and between 20 and 40 mW for
the STED light, depending on imaging depth and sample brightness.

Microscope setup

The microscope was built around a standard commercial research micro-
scope (BX51WI, Olympus, Hamburg, Germany) using scan and tube lenses
from the microscope manufacturer. The telecentric scanner (Yanus IV,
TILL Photonics, Grifelfing, Germany) was placed so that both scan axes
are projected into the BFP of the objective, ensuring that the 2P and
STED laser beams stay stationary at the BFP during scanning.

A water-immersion objective with a long working distance (1.5 mm)
and equipped with a correction collar was used for all experiments
(60X LUMFI, 1.1 NA, Olympus). The correction collar was adjusted
to optimize the STED doughnut using gold nanospheres (diameter =
150 nm; BBInternational, Cardiff, United Kingdom) and slightly re-
adjusted for particular imaging depths, using the 2P fluorescence signal
as readout. The z-position of the objective was controlled via a piezo actu-
ator (P-721 PIFOC, PI Physik Instrumente, Karlsruhe, Germany). Signal
detection and peripheral hardware were controlled by the Imspector scan-
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ning software (18) via data acquisition cards (6259 M, 2090A, National
Instruments, Austin, TX).

A polymeric phase plate (RPC Photonics, Rochester, NY) was used to
create the STED doughnut and a bandpass filter (593/40, AHF Analysen-
technik, Tiibingen, Germany) was used to spectrally clean up the STED
laser beam. The 2P and STED laser beams were combined using a dichroic
mirror (F73-700UV, AHF) before the scanner.

The fluorescence signal was detected in descanned mode and separated
from the excitation and STED light by a longpass dichroic (580 DCXRUYV,
AHF). The detectors were protected from the 2P and STED light by suitable
blocking and emission filters (680SP-25, 594S-25, 520-70, Semrock,
Rochester, NY). The signal was spectrally divided into two channels by
a dichroic mirror (514RS, Semrock) before being focused onto multimode
fibers (100-um core diameter, which corresponds to 120% of the back-pro-
jected Airy disk), terminating on avalanche photodiodes (SPCM-AQR-13-
FC, PerkinElmer, Waltham, MA).

Microscope alignment

For spatial alignment of the 2P and STED lasers and quality control of
the doughnut (Fig. 1 D), a pellicle beam splitter (Thorlabs, Maisons-
Laffitte, France) was flipped into the beam path so that the reflection
from gold nanospheres could be detected by a photomultiplier tube
(MD963, PerkinElmer). A piezo-controlled motorized mirror (AG-
MI100N, Newport, Beaune la Rolande, France) and a telescope were used
to align the doughnut on the excitation spot in all three dimensions.
Doughnut quality (shape and null) was optimized via achromatic /2 and
M4 wave plates (Qioptiq, Paris, France). Optical resolution (Fig. 2 D)
was assessed using fluorescent nanospheres (Fluo Spheres, yellow-green,
diameter = 0.04 um, Invitrogen).

Animals and labeling

Two transgenic mouse lines (C57BL/6 background) were used: Thy 1<YF7/YF?
mice that express YFP in a subpopulation of principal neurons in the
hippocampus as well as in layer 4/5 of cortex, and CX3CR1°“F**SFP pice
that express GFP in microglial cells (Jackson Labs, Bar Harbor, ME). In
experiments where only neurons were imaged, heterozygous Thy 1Y
mice were used. In experiments where neurons and microglia were
imaged. mice obtained from the crossbreeding of the two mouse lines
were used (CX3CRI17CFP; Thy1™YFP) Al experiments were carried
out in accordance with the National Code of Ethics on Animal Experi-
mentation (Carte Nationale d’éthique sur Iexpérimentation animale;
Ministere de I’enseignement et de la recherche, Ministere de 1'agriculture
et de la péche) and approved by the Committee of Ethics of Bordeaux
(No. 3306001).

Acute brain slices

Animals 21-40 days old were killed by cervical dislocation, and their
brains were quickly removed and placed in ice-cold sucrose-based artificial
cerebrospinal fluid (ACSF) containing (in mM) 210 sucrose, 10 glucose,
2 KCl, 26 NaHCOs, 1.25 NaH,PO,, 0.1 CaCl,, and 6 MgCl (pH 7.4,
osmolarity ~320 mOsm/L), which was bubbled with carbogen (95%
0,/5% CO,). Sagittal 350-um-thick slices were cut using a vibratome
(VT1200, Leica, Mannheim, Germany) and transferred to a heated
(32°C) holding chamber with NaCl-based ACSF bubbled with carbogen,
which consisted of (in mM) 124 NaCl, 3 KCl, 26 NaHCOs,
1.25 NaH,POy,, 10 glucose, 2 CaCl,, 1 MgCl, and 0.6 Trolox (pH 7.4,
osmolarity ~305 mOsm/L) for 1 h. These slices were subsequently main-
tained at room temperature for a maximum of 4 h. For the imaging
experiments, the slices were transferred to a submerged recording chamber,
where they were continuously perfused (2.1 mL/min) with ACSF at room
temperature.
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tected in two channels. (C) Schematic of beam
path. The femtosecond pulsed Ti:Sa laser used
for 2P excitation is routed through a beam scanner
into an upright microscope and synchronized with
the STED laser (Ti:Sa/optical parametric oscillator
(OPQ)). Femtosecond pulses emitted from the
Ti:Sa/OPO are broadened by a 20-m-long polariza-
tion-preserving single-mode fiber. The doughnut is

formed by a helical phase mask. A long-working distance, water-immersion objective is used. It is equipped with a correction ring to correct spherical aber-
rations due to mismatches in refractive index at the lens-sample interface. /2. half-wave plate; A/4, quarter-wave plate: DC, dichroic mirrors, NA, numerical
aperture: At, pulse broadening fiber: xy-scan, scanner for x and y dimension: APD, avalanche photodiode; EOM = electro-optical modulator, (D) Reflections
of the laser beams from gold particles used for visualization and spatial alignment of the excitation and STED beams. The laser beams are routed through
a pellicle beam splitter so that the reflections can be detected by a photomultiplier tube. This allows for the characterization of the excitation and STED beams
and illustrates the doughnut-like intensity distribution of the STED laser. Scale bar, 500 nm.

Image acquisition and analysis

All images were acquired with a pixel size of 19.5 nm (512 x 512 pixels,
10 pm x 10 um. except see Fig. 4 B3, which is 1024 x 1024 pixels,
40 pm x 40 pm, with a pixel size of 39 nm) and a pixel dwell time of
30 us. which corresponds to about 8 s acquisition time for a 10 gm x
10 pm field of view. Imaging depth into the slice was determined by the
piezo z-focus. the fluorescence signal on top of the slice defining the zero
z-position. Image analysis was done on raw data using ImageJ. Images
presented in the figures were filtered by a I-pixel Gaussian filter to reduce
noise. To quantify and compare the line profiles from 2P and 2P-STED
images, we used the Lorentzian function:
24 r
¥y = ‘\.E]+_ —_——

T 4{x—x) +T"
where y, and A are constants, x, is the center, and T" is the width of the
curve.

Two-color images are shown merged with and without linear unmixing
using a plugin for Imagel as described before (12). Unless stated otherwise,
single frames from a z-stack (Az typically 400 nm) are shown.

Statistics

Data are expressed as the mean = SE. A two-tailed unpaired r-test was
used to compare spine neck widths (T") measured for 2P and 2P-STED in
the CAl, cortex, and for the two groups peoled. Multiple comparisons
were post-hoc Bonferroni-corrected. A nonparametric Kolmogorov-Smir-
nov test was additionally used for groups comtaining <17 data points,
confirming the results of the parametric r-test. Data from 12 mice were
included in this study. Tests marked with (*%) in Fig. 3 C are significant,
with p < 10712,
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RESULTS
Construction of the microscope

We built a 2P-STED microscope for two-color sub-
diffraction imaging in brain slices using a long-working
distance, water-immersion objective as outlined in Fig. 1,
A-C. For coupling the lasers into the microscope, we
first checked the reflection of the 2P and STED light using
gold beads (Fig. 1 D). We optimized the symmetry and
central minimum of the STED doughnut by adjusting a
A4 wave plate placed in front of the scanner. The
intensity of the STED beam at the doughnut center was
< 1% of the intensity measured at the rim of the doughnut
(Fig. 1 D), which was indistinguishable from background
noise.

Performance of the microscope

Because we used pulsed lasers for 2P excitation and the
STED effect, the lasers had to be synchronized and their
pulses had to arrive at the sample with an optimal delay to
achieve efficient quenching of the 2P fluorescence by the
STED laser. Indeed, quenching depended on how much of
the STED pulse overlaps with the time that the molecules
spent in the excited state after 2P excitation. Fig. 2, A
and B, illustrates that 80% quenching efficiency in a sea
of dye fuorescence (~1 mM calcein) can be achieved.

62



Results

Superresolution Imaging in Acute Brain Slices 781
A 2P 2P-STED 2P-STED desync. 2P
C Wy ! : ]
= ; ¥
-
2s
B 2P 2P-STED c
1007 desync. 100:
_ &0 80+ .
g g g
§ 60 £ 60 STED pulse
¥ T 7 FWHM: 68.5 ps
] 5 40
5 401 3
3 2P-STED e
204 20 :
0 T — ok

o4

10 15 20 25 30
Line scan acquisition [s]

FIGURE 2

400 200 0 200 400 600
At excitation - STED pulse [ps]

=368 nm

= @p

Counts / 30us

0 200 400 600 800 1000 1200
Line profile [nm]

Fluorescence quenching and spatial resolution in 2P-STED microscopy. (A) Line scans in a fluorescent solution excited by the 2P laser.

The signal is quenched by a pulsed STED laser. Desynchronization strongly attenuates this effect. (8) Quantification of the signal intensity along the rect-
angle indicated in A. Desynchronization greatly reduces quenching efficiency ability. Fluorescence quenching is 80% when the 2P and
STED pulses are synchronized and aligned in space and time. (C) 2P-STED requires a precise relative temporal delay of the synchronized laser pulses,
which can be used to probe the duration of the STED laser pulse. Quenching efficiency is plotted as a function of the relative delay between the excitation
and the STED beam. Fitting the data with a Gaussian error function (red) indicates a STED pulse duration (FWHM) of at least 68.5 ps. (D) 2P and
2P-STED images of fluorescent beads (diameter = 40 nm). A clear resolution enhancement can be observed in 2P-STED relative to 2P excitation. (E)
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Quantification of the line indicated in D and fining with a Lorentzian function returns a width of 62 nm for 2P-STED (red) as compared with 368 nm

for 2P (black).

Conversely, when the synchronization is turned off, the
quenching effect is strongly diminished (Fig. 2 B).

Fig. 2 C illustrates the fluorescence quenching efficiency
by the STED laser as a function of the relative delay
between the laser pulses, where zero refers to the optimal
delay. Changing the relative delay between pulses results
in a rapid increase of quenching to a maximum of 80%
before it decreases again gradually. Whereas the rising
phase of the curve should be mostly defined by the duration
of the STED pulse, the decay should be defined by the life-
time of the fluorophore (19).

Based on the rising phase (fitting a Gaussian error func-
tion), we estimated the duration of the STED pulse to be
at least 68.5 ps (full width at half maximum (FWHM))
using a 20-m-long polarization-preserving optical fiber,

which is consistent with pulse durations of 200-300 ps re-
ported for 120-m-long optical fibers (20).

To check the performance of the 2P-STED micro-
scope, we imaged subdiffraction-sized fluorescent beads
(diameter = 40 nm) and determined the point-spread func-
tions (PSFs) for the 2P and 2P-STED case (Fig. 2 D). The
width of the PSF is an important indicator of the spatial
resolution of the microscope. Using a Lorentzian function
to fit line profiles drawn through the centers of individual
beads, we measured a PSF width of 368 nm for the 2P
case, which corresponds well to the expected spatial resolu-
tion of a diffraction-limited 2P microscope given the wave-
length of the 2P light (910 nm) and the NA of the objective
(1.1) (21). Imaging the same bead in STED mode, the PSF
width was 62 nm, which corresponds to about a sixfold
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FIGURE 3 2P-STED microscopy in acute brain slices. (A and B) 2P and 2P-STED images of dendritic spines of YFP-labeled CA1 (A) and cortical (B)

pyramidal neurons in acute slices from Thy1-YFP transgenic mice. Spine necks appear much thinner in 2P-STED compared to 2P images. Dotted lines indi-
cate spine neck widths (Lorentzian fit of the line profile of the line indicated). The difference in width between 2P imaging (I" = 362 nm) and 2P-STED
imaging (I" = 89 nm) demonstrates the resolution enhancement by 2P-STED. (C) Quantification of spine neck widths of CAl and cortex imaged in 2P
and 2P-STED modes. No difference between CAl and cortex was detected. 2P imaging clearly overestimates spine neck widths when compared to the
2P-STED mode. Boxplot indicate Q1 and Q3 (first and third quartile). median and mean (large and small lines, respectively). (D) Plot of 2P-STED measure-
ments versus the ratio between 2P and 2P-STED of the same object. As expected, the ratio is | when the structures are larger than the resolution limit of 2P
microscopy (~350 nm), but it increases steeply when the structures are <350 nm in size.

improvement in spatial resolution over the 2P case. The
peak photon count at the center of the bead was only slightly
(~10%) reduced (Fig. 2 E), confirming that the STED light
intensity in the center of the doughnut is very low.

Subdiffraction imaging of dendritic spines in
acute slices

To check whether we could achieve subdiffraction spatial
resolution in acute brain slices, we imaged dendritic spines
from transgenic mice expressing YFP as a volume label in
a subset of hippocampal and cortical neurons. We compared

Biophysical Journal 104(4) 778-785

the performance of the 2P-STED with the 2P microscope by
imaging spines with or without the STED light. In general,
the spine necks appeared substantially wider without the
STED light, whereas the appearance of the 2P-STED
images was much crisper (Fig. 3 and Fig. S1).

To confirm this impression quantitatively. we measured
line profiles across the spine necks and fitted them with
a Lorentzian function as above. In the example illustrated
in Fig. 3 A (a spine of a hippocampal CAl pyramidal neuron
imaged at a depth of 38.5 um), the neck appeared to be
362 nm wide in the 2P image but only 89 nm in the 2P-
STED image. This fourfold difference demonstrates that
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the STED approach can be used to achieve a substantial
gain in spatial resolution, well below the surface of living
brain tissue. using a long-working distance water-immer-
sion objective. It is important to note that the peak signal
intensity in 2P-STED mode was only reduced by ~30%
compared with the 2P signal (Fig. 3 A), suggesting that
the minimum of the STED doughnut was fairly intact at
this imaging depth.

We also imaged spines from layer 4/5 of cortical pyra-
midal neurons, imaged in the molecular layer of visual
and parietal cortices at about the same depth (Fig. 3 B).
Similar to spines of hippocampal neurons, the spine necks
of cortical neurons appear much thinner in 2P-STED than
in 2P images (I' = 97 nm for 2P-STED vs. I' = 409 nm
for 2P). The differences between 2P and 2P-STED imaging
were clear-cut and highly significant (p < 0.0001, Fig. 3 C).

We did not detect any significant differences in width
between spine necks in hippocampus and cortex, irrespec-
tive of whether 2P or 2P-STED was used (I'ap ca; =
352 £ 12 om, n = 11; Tap.gtep car = 153 = 17 nm,
n = 15; T'sp cortex = 372 £ 15, n = 6; I'op.g1ED Cortex =
178 = 8 nm, n = 49) (Fig. 3 C).

unmixed channels
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FIGURE 4 Time-lapse and dual-color 2P-STED
imaging. (A) Time-lapse images of a cortical spine
acquired at 38.5 um below the tissue surface. Indi-
vidual time points are average projections of two
frames based on multiple sections (5 frames/stack.
four stacks. Az = 400 nm). (B) Two-color 2P-
STED imaging of neurons and microglia. Trans-
genic mice (CX3CR1TOF; Thy I 7Yy express
YEP in neurons and GFP in microglia. Superre-
solved microglial processes (I = 149 nm) can be
observed (B1), as can a microglial process contact-
ing dendritic spines (B2) and a maximum-intensity
projection of a z-stack of images (19 frames, 40 x
40 pm. from —49.5 to —56.5 pm, Az = 368 nm) in
the cortex (B3). The high magnification images (8/
and B2) are merges of both color channels (green
(GFP) and yellow (YFP)); the overview image
(B3) is linearly unmixed. effectively separating
both channels (green (GFP) and red (YFP)). Dotted
lines indicate spine neck widths (I", Lorentzian fit
of raw data).
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Taken together, 2P-STED yields substantially better
resolved images of dendritic spines compared to 2P micros-
copy, well below the surface of acute brain slices. To illus-
trate the gain in resolution quantitatively, we plotted the
ratio of 2P to 2P-STED measurements as a function of
the widths of assorted structures measured by 2P-STED
(Fig. 3 D). This ratio equals 1 for structures larger than
the 2P diffraction limit, but increases sharply for structures
below it.

Time-lapse imaging

Next, we addressed the potential issue of phototoxicity
and bleaching during 2P-STED imaging. To this end, we
repeatedly (20 times) imaged the same stretch of dendrite
for 30 min (A7 = 10 min) and looked for signs of photo-
damage such as blebbing. Our experiments demonstrate
that it is possible to repeatedly acquire superresolved images
with our 2P-STED microscope without obvious photodam-
age (Fig. 4 A). However, to avoid or reduce deleterious
effects, which are a general concern in fluorescence micros-
copy, it was important to optimize the imaging parameters
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(e.g., laser powers, pixel dwell times, image sizes, etc.),
which are linked to several factors, including slice quality,
sample brightness, and imaging depth.

Two-color imaging

Finally, we performed two-color 2P-STED imaging using
an approach we recently developed for STED microscopy,
which is based on a single laser pair for fluorescence exci-
tation and STED quenching (12). To this end, we modified
the microscope by adding a dichroic mirror and a second
detection channel for spectral detection. To illustrate the
potential of using these techniques in combination, we
imaged brain slices from transgenic mice in which neurons
and microglia are fluorescently labeled with YFP and
GFP, respectively. The images in Fig. 4 B demonstrate the
ability of the new approach to acquire superresolved images
of volume-labeled dendritic spines and microglial processes
well below the surface of acute brain slices. Although
spectral detection already provides for reasonable color
contrast (Fig. 4, B and B2), linear unmixing of the fluores-
cence channels can improve color separation substantially
(Fig. 4 B3).

DISCUSSION

We present a novel kind of microscope for two-color super-
resolution imaging of neural morphology well below the
surface of acute brain slices using YFP and GFP as volume
labels. It is based on 2P excitation and pulsed STED micros-
copy and hence reconciles many powerful features, such as
subdiffraction spatial resolution, two-color imaging, optical
sectioning, depth penetration, the use of living samples, and
the possibility of combining it with electrophysiological
approaches.

We employed a long-working distance water-immersion
objective with an NA of 1.1, which is relatively low
compared to the glycerol- and oil-immersion objectives
(1.3 and 1.4, respectively) generally used in STED micros-
copy (9,14,15,22). Using spine necks to estimate our
resolution, the spatial resolution at an imaging depth of
~40-50 um is likely to be around 60-70 nm, considering
that spine necks are finite in size (>50 nm, as indicated
by electron microscopy (23)) and thus do not mimic point
sources of light.

STED microscopy, which was initially used in neurobi-
ology to acquire superresolved images of protein distribu-
tions inside cells by immunohistochemistry (14,24), has
recently been extended to live-cell imaging of dendritic
spine morphology (9,16), greatly facilitating investigation
of the structure and function of synapses, which is a major
research topic in neuroscience.

Most previous studies have used high-NA oil or glycerol
objectives with short working distances, which is incom-
patible with acute brain slices, because this preparation
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requires water-immersion objectives with long working
distances and an upright microscope design. Acute brain sli-
ces are the preparation of choice for most synaptic physiol-
ogists because of the experimental access they provide for
pharmacological and electrophysiological experiments.

Initially, STED microscopy was based on a confocal
design and single-photon excitation, but recently the use
of 2P excitation has been reported. The first two studies
demonstrated the principle of 2P-STED using CW lasers
for the STED beam (16,17), which are easier to implement
than pulsed lasers. However, as the CW laser is much less
efficient at quenching fluorescence than the pulsed laser,
much more laser power (>10-fold) is needed to achieve
a comparable gain in spatial resolution, which is usually
prohibitive for living tissue. As a consequence, 2P-STED
microscopy in living tissue has been limited to >250 nm
in spatial resolution. Subsequent studies have used pulsed
STED lasers in conjunction with 2P excitation (25,26), but
those studies used inverted microscopes with oil objectives
on fixed samples.

Here, we demonstrate 2P-STED time-lapse imaging in
two colors in acute brain slices with a four- to sixfold
improvement in spatial resolution over the 2P case. The
STED laser intensities required to achieve the gain in reso-
lution were substantially less than those reported previously
(16,26), which is important for reducing phototoxicity and
bleaching.

We speculate that the quality of the doughnut, which
featured a very low minimum at its center, and the efficiency
of quenching GFP and YFP with short laser pulses afforded
the use of relatively modest STED laser powers.

lustrating the potential of the new 2P-STED approach,
we imaged dendritic spines in acute brain slices and
measured superresolved spine necks at a few tens of microns
below the tissue surface. The spine-neck widths of pyra-
midal neurons in the CAl region of the hippocampus and
cortex correspond well to those reported by electron micros-
copy (23,27), in our previous work (9), and by other recent
superresolution approaches (28,29), and they are much
thinner than is indicated by confocal measurements. For
this reason, spine necks are thought to represent a diffusion
barrier for signaling molecules, allowing for biophysical
compartmentalization of synapses (15,30-33). Moreover,
the sizes of the microglial processes we have observed are
comparable with those of STED images in perfusion-fixed
brain-tissue sections (data not shown).

Interestingly, the ability to measure the level of STED
quenching as a function of the delay between the laser
pulses provides a straightforward way to estimate the dura-
tion of the STED laser pulse, which otherwise requires
special equipment. Likewise, fluorescence quenching by
the STED laser can also be used to estimate the fluorescence
lifetime of the fluorophores, as suggested previously (19),
which is normally done using time-correlated single-photon
counting instrumentation (34).
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In summary, we have developed a new 2P-STED micro-
scope that can be assembled using all commercial compo-
nents and demonstrated its potential for investigating
synapses and glial cells with unprecedented spatial resolu-
tion in acute brain slices using genetically encoded
fluorophores.
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Supplementary 1: 2P-STED imaging of dendrites and spines deep inside acute hippocampal slices

Comparison of 2P and 2P-STED imaging of dendrites in CA1 region of acute hippocampal slice up to
48.5um below the surface. Small inserts denote measured spine neck widths (I, Lorentzian fit of raw data).
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2.3 Further applications of 2PE-STED microscopy for newoscience

The previous two chapters illustrate the potent@l the microscope for
superresolution imaging deep inside acute brageslwith a resolution of around 70
nm at penetration depths of up to 90 um. While éhegamples illustrate the
achievement of the goals defined in the introdutithe versatile nature of the
instrument allows many different biological specimedo be studied. In the present
chapter | therefore will give examples of other lbipcal preparations and

applications.
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2.3.1 Dissociated hippocampal cell culture

The most popular preparation of neurons for mobacahd biochemical neuroscience
are dispersed hippocampal or cortical culturesy®re routinely used in laboratories
around the world because they can readily be teated with plasmids carrying a
gene of interest. Since they are flat and growctlyeon coverslips, they are optically

very accessible. These cultured neurons can alszdessed with patch pipettes for
electrophysiological recordings and grown in langenbers for biochemical assays.
Once cultured, these cells make extensive conmectiath their neighbours, which

facilitate the recording from pairs of neurons botds the danger of the network
becoming overexcited and hence epileptic. Alsoy tire notoriously vulnerable.

Two-photon STED
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Figure 7: Neuroligin-1 GFP transfected dispersed lppocampal culture

Co-overexpression of Neuroligin-1 and GFP in dispdrhippocampal cultures. Lorentzian fits of a
line profile indicate a clear resolution increashe sample was kindly provided by Letellier,M. [INS
Bordeaux.

To verify that our system is capable of recordimgnf Banker-type cultures
(sandwich cultures that grow on a layer of astreg)f65], two-photon STED
recordings were carried out on cells that expresseg as a volume label (together
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with neurexin-1). A clear resolution enhancementolsservable in fine neurite
structures from these cells (Figure 7). It is natghy that no reflections of the
coverslip degraded the image quality, although ¢bls grow and were imaged
directly above the glass surface.

Actin Nanobody YFP label

2P Ewerview

[N r=340 nm
[=163 nm

Lifeact YFP label

2P overview : it

=332 nm
=113 nm

Figure 8: Actin nanobody-YFP and lifeact-YFP transfected dispersed
hippocampal culture

Overexpression of Actin nanobody YFP and LifeactPYkh dispersed hippocampal cultures.
Lorentzian fits of a line profile indicate a cleasolution increase.

In contrast to overexpression of monomeric ActinFGkhich is likely to interfere
with normal cytoskeleton function[53, 66], new pesbsuch as Lifeact-GFP[66] and

recently developed intracellular antibodies (auto- nanobodies)[67], promise
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interference-free, specific and dynamic investmatof the cytoskeleton. To verify
that the expression levels of these fusion protamshigh enough to allow STED
imaging, dissociated hippocampal neurons were fieatesd with either Lifeact-YFP
or Actin nanobody-YFP under the synapsin promotpft from M. Mikhaylova,
Utrecht University). Both labelling strategies pide a strong enough signal for high
resolution STED imaging (Figure 8). With both ldlej strategies, a filamentous
cytoskeleton network could be observed, which washbetter resolved when the
STED laser was turned on (Line profiles indicat2-& fold smaller diameter in the
STED case).

As nanobodies are smaller than antibodies (13 kba 50 kDa), the fluorophore is
closer to the epitope (especially when comparegrimary-secondary antibody
labelling) which minimizes the ‘linkage error’ beten the fluorophore and the
structure of interest (for antibodies typically tve order of 10 nm)[68].

While nanobodies (targeted against an overexpreSg&tifusion protein) have been
used for single-molecule nanoscopy[68] and STEDrosimopy has been performed
on single stranded DNA or RNA oligonucleotides(Ap&s)[69], the combination of

STED microscopy with nanobodies directed againsemaogenous epitope has (to

our knowledge) not been performed to date.

Due to the micromolar binding affinity, the Lifeattolecule binds reversibly to the
actin cytoskeleton. This simplifies repetitive invag of the same structure as the
high turnover rate of the fluorophore to the achinding site allows novel

fluorophores to replace bleached molecules[53]sTikinot the case for the high
affinity binding of the nanobody to the actin cykeketon for which repeated imaging
has to be carried out to evaluate the use of Htielling strategy for time-lapse

superresolution imaging.
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2.3.2 Organotypic hippocampal slice culture

To bridge the gap between acutely prepared bragessland dissociated neuronal
cultures, the Gahwiler organotypic hippocampal weltsystem was developed[70].
The advantage of this culturing system over disgedi cultures is that the cellular
architecture of the hippocampus stays intact, thet the CALl region can be
discriminated from the CA3 region and field recagli stimulation is still possible.

In addition, the optical accessibility is higheathin acute brain slices and single-cell

electroporation and viral infections can be perfednon the cultured cells.

Cultures from Thy1l-YFP mice are a standard in #imfatory and served as an initial
performance test of the two-photon STED microscofieey strongly express the

fluorophore YFP as a volume label in the CAl regbthe hippocampus (Figure 9).

Figure 9: Organotypic cultures as an experimental peparation to study synaptic
plasticity

Maximum-intensity projection of Thyl-YFP expressitgls in the CAL region of the hippocampus in
roller-tube cultures. This image was taken by usimgrphoton excitation only.
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Two-photon Two-photon STED

Figure 10: Two-photon STED in organotypic slice culres

Average intensity projections of Thyl-YFP expregsimganotypic hippocampal cultures DIV 18-24.
In the two-photon STED case, the axon and dendsfiines appear much thinner and more detail is
observable, compared to regular two-photon imaBeight structures are oversaturated to aid the
visualization of thin axons or dendritic spine neck

During culturing, cells that are dead or damagex gaadually removed due to the
rotational movement of the cultures in culturing diosen. Therefore, image

acquisition is not influenced by cell debris on theface (although the plasma clot
might introduce an index mismatching problem). bvable to record both axonal and
dendritic structures in the CA1 region of the hippmpus with a clear resolution
enhancement over two-photon excitation alone (leidul). The image of axons (top
row) was recorded on the bottom of the coversii@ging through approx. three cell

layers.
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Two-photon Two-photon STED

Two Channel Addition

Color Assignment

Unmixing

Figure 11: Linear unmixing of STED images from orgaotypic cultures

A Thyl-YFP cell forms a synapse with a Sindbis-GRfected axonal bouton. Using two detectors,
efficient two color linear unmixing can be perforinéd enhance the color contrast between cells
expressing different green fluorophores.

As described in the published articles, the emisssignal is directed to two
independent detectors via a dichroic mirror. THieves the post-hoc separation of
two-different green fluorophores by the procesdirear unmixing. The ability to
perform this task was tested in Thyl-YFP positivgaootypic cultures which were
infected 24 hours earlier with a Sindbis-GFP vimighe CA3 region (Figure 11).
Here an axonal bouton could be localized that ateta postsynaptic spine and
presumably forms a synapse. Using STED, both tmelrite and the axon clearly
illustrate the increase in resolution. The lowengla compare the color contrast
obtainable by simply assigning green and red pseotis to the different channels
(color assignment) or by performing post-hoc line@mixing using the ImagelJ

“Spectral Unmixing Plugin”, Walter, J.).
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Figure 12: Timelapse imaging in organotypic culture

Two-photon STED images of the same stretch of deniinaged continuously. Last frame was taking
without the STED light on, illustrating the gainresolution of the two-photon STED microscope.

For live-cell time lapse imaging, a small segmeha @lendritic stretch was imaged
repeatedly witht = 12 seconds. Because Figure 12 illustrates avbfager frames,

the time resolution could be increased if the fiele/iew is reduced to the structure
of interest alone. The last image was recordedvotghoton mode alone to give an
estimate of the resolution enhancement by two-ph&®6ED. Small movements of
dendritic spine elements can be observed wherithésseries is viewed as a movie.
Importantly, no obvious blebbing of structure argble in this example, illustrating

that the microscope is capable to non-invasivelgom@® superresolved dendritic

segments.

76



Results

2.3.3 Dentate gyrus granule cell dendritic diameters

The dentate gyrus is the first structure within kingpocampal formation to receive
direct input from the entorhinal cortex and does mpooject outside of the

hippocampus. Its major input, the perforant patigioates in the entorhinal cortex
and terminates via excitatory synapses on grarallelendrites of the outer 2/3 of the
molecular layer. The inner 1/3 of the dentate gynadecular layer receives almost
exclusively inputs from ipsi- and contralateral jpations from mossy cells of the
polymorphic layer of the dentate gyrus and is chtlee associational/commissural
projection[71]. These two pathways appear to exhdlfferent dendritic integration

properties. Simulations show that constrictions tieé dendritic diameter might
explain the strong sublinear summation observedistal dendrites by the group of

Prof. Heinz Beck from Bonn University.

Therefore, | set out to record dendrites of theemallar layer in acute brain slices of
Thy1-YFP mice.
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Confocal image Thy1-YFP

| medial distal
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Figure 13: Imaging strategy dentate gyrus

Several high-resolution two-photon STED images weaken at different regions of the dentate gyrus.
A low-resolution two-photon overview image facitéa the localization of the two-photon STED

image. The vertical organization of the dentateugywas devinedas: granule cell layer, inner 1/3 of
molecular layer (dense labeling of presynaptic elets) and 3 regions in the molecular layer
(proximal-, medial-, and distal molecular layer.

Figure 13 illustrates the imaging strategy. Fromoaerview image, several small
(20um x 20pum, 512x512 pixel, 3 z-planes with= 1um) at different regions of the
molecular layer were recorded in two-photon STEQIendmage analysis was biased
towards small diameters and revealed that dendsftgsanule cells can be as thin as
150 nm in diameter. In EM reconstructions, denddiemeters were found to be a
thin as 200 nm in cerebellar granule cells andbs&tr amacrine cells[72]. The
average of the line profiles measured across desdis with 350 nm close to the
spatial resolution limit of most two-photon micropes (Figure 14 D). This might
indicate that the small dendritic diameters of ¢heglls were simply overlooked
because of insufficient resolution.
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Furthermore, the smallest diameters were fountiendistal regions of the molecular
layer (Figure 15 A) which could indicate a dendrigpering. It has to be noted,
however, that the data was obtained via a populaigproach, and to be able to
conclude a dendrite tapering, single-cell recoms$imns should be performed. Patch-
filling a granule cell of wild-type mice with a gre fluorescent dye (such as Alexa

488 or ATTO 488) would allow the reconstructiontieé complete dendritic tree of a
single cell.
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Figure 14: Dentate gyrus dendrite diameters

A) Confocal overview of dentate gyrus in Thyl-YFiRen B) Examples of 2PE-STED microscopy in
various regions of the dentate gyrus. C) Quantificaof all dendritic diameters measured. Full mng
(C) and range limited to 1000 nm (D) are presefdgedtterplot and histogram). Box is Q1, Q3, median
and mean (large and small line, respectively). RBughly 50% of diameter values are below the
resolution limit of classic two-photon microscopy860 nm, dashed line)

Interestingly, the variability between line pro§ilen single dendrites (Figure 15 B) is
high. This indicates (and can be observed in tmepga images of Figure 14) that
small stretches of thin diameters exist closelycedao larger diameters. The data in
Figure 15 C was obtained from a subset of dendwiesre the somatic region was
present in the overview image. Here a clear redndh diameters is observable but
also indicates that small diameters can exist dogbe soma. These could be third-
or fourth- order dendrites that extend away from gimary dendritic branch. No
relationship between the dendritic diameters ane ittnaging depth could be
observed, arguing against a thinning of the deicditiameters due to cell damage as
cells deeper in the slice should be healthier (f&id’b D).

All data was obtained from 4 Thyl-YFP mice, agetivieen 3 and 9 weeks. The line
profiles were 3 pixel wide and the diameters wedsimed from fitting a Lorentzian

function to the line profiles and reported as FWHM.
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Figure 15: Dentate gyrus dendritic diameters are tghly variable

A) Dentate gyrus granule cell dendrite diametexgekese with increase in distance from soma. Small
insert illustrates regions chosen for acquisitisee( Figl A for confocal overview). Box is Q1, Q3,
median and mean (large and small line, respec)ivElyll range (A) and range limited to 750 nm (Al)
is shown. B) Dendrite diameters substantially vawer distance. Relative difference in diameters
between measurements on the same stretch of dergotted against the distance between the
measurements. C) For dendrites where the granelatager was visible in the overview image, the
dendritic diameters decrease exponentially wittadice from soma. D) The dendrite diameters do not
differ at different image acquisition depths. Tretadused for this graph represents a subset of the

whole dataset where the depth of image acquisitias recorded.
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2.3.4 Spine neck micro-varicosities

While recording images from acute brain slices ¢fyI-YFP mice, it became
increasingly clear that a subset of dendritic spiaeks show varicosities. Examples

of this phenomenon are given in Figure 16.

Cortex

z=-48.5 pym

1000 nm 1000 nm

Figure 16: Micro-varicosities in the dendritic spire neck
A subset of dendritic spine necks of CA1 and comeurons in acute brain slices show small

varicosities. The depth of acquisition is definedtee distance from the surface of the slice (z).

The origin or function of these varicosities rensagpeculation (such as mitochondria
moving in our out of the spine head), it shall hatesd, however, that similar
varicosities were observed by group member Jan @&gmin organotypic cultures

imaged with a single-photon excitation STED micayse (personal communication).
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2.3.5 VGLUT-1-Venus

Glutamatergic synaptic vesicles of excitatory sygeepin the brain are loaded by the
vesicular glutamate transporter 1 (vGLUT1), whishiHe main glutamate transporter
protein in synaptic vesicle. It is considered oriethee most specific markers for
glutamatergic synaptic vesicles and a knock-in raduss recently been developed
that expresses the fluorescent protein Venus taggedthe C-terminus of
vGLUT1[73]. Venus is a bright green, yet not vehofostable variant of EYFP[74]
that is rarely used for STED imaging.

Two-photon Two-photon STED

FWHM: 356 nm
FWHM: 246 nm

Fluorescence [a.u.]
Fluorescence [a.u.]
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Figure 17: STED imaging of a vGLUT1-Venus mouse

As a proof-of-principle study we performed two-photSTED images of acutely prepared amygdala
tissue slices of vGLUT1-Venus mice. Individual Venlabeled presynaptic structures are better
resolved by the two-photon STED microscope. Thepdamwas kindly provided by Xiaomin Zhang,
IINS, Bordeaux.
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A general concern with overexpressing fluorescetatjged proteins is that the
imbalance of protein copy humbers might interferthe biological function of the
overexpressed protein or the system it is overegec in. This is different for the
VGLUT1-Venus mouse where the endogenous VGLUT1 gea® replaced by the
fluorescently tagged VGLUT1-Venus gene under theesaromoter. It was shown
that this tag does not interfere with the functminthe proteinin vivg73]. As a

consequence of the endogenous copy numbers ofinatethe knock-in approach,
the levels of the fluorescent proteins are usulaily. This presents a problem for
STED microscopy as the signal intensity of STEDdewmare already much lower

than regular confocal or two-photon excitation rmgzopy.

As a proof-of-principle experiment that also enduomes protein levels are suitable
for STED microscopy, | recorded images of VGLUT1Ade positive synaptic
vesicle clusters in acute brain slices of the amlaydFigure 17). The quantification
of line profiles illustrates a moderate increasespatial resolution of the STED
microscope as compared to regular two-photon miomg Indeed, the signal
bleached relatively quickly, which made low excdaat power and lower STED
power necessary to be able to record the imageeri®iess, more photostable
fluorophores and/or technological development o thicroscope should allow

superresolved time-lapse imaging of endogenougiortgvels.
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2.3.6 Nanoscale imagingn vivo

The most intact preparation for neuroscience isitkact brain. In contrast to acute
brain slices, long range projections are not sevaral the cells stay intact in their
naive environment. For imaging purposes this coméh a cost in optical
accessibility and further challenges, such as whalenal handling and anaesthesia,
movement artefacts from breathing and heart behtrensurgery for the craniotomy.
The use of two-photon microscopy has madesivo imaging possible because it
allows up to 1 mm of penetration depth in the biia living mouse. This is due to
the reduced scattering of the longer excitation elenvgth and the option to install

proximity, non-descanned detectors for efficiertedgon of scattered signal photons.

In vivo two-photon microscopy is applied for both funcaband structural imaging.
In functional imaging, fluorescent calcium indicatocan be used to report the
activity of neurons, while in structural imagingetmorphology of the cells of the

brain are of interest.

As demonstrated in Chapter 1 and 2 of the reghkstwo-photon STED microscope
is capable of imaging depth > 50 um and should éelow deep superresolution
imaging of neuronal structur@s vivo. Figures 18 and 19 illustrate first steps towards
this goal. Interestingly, signal levels were mutiorsgerin vivo for the same mouse

line, same age and same cortical region than cadgaracute brain slices.
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Figure 18:1n vivo imaging preparation

A) The two-photon excitation PSF (2P excitationpled by imaging 170 nm fluorescent beads, and
the STED doughnut (probed by imaging gold beadctifin (STED reflection) can be optimized for
imaging through a #1 coverslip. The objective’sreotion collar setting is critical for an optimized
PSF. The ‘bad correction collar setting’ refersti@ collar setting for the other condition (i.e.

correction collar optimized for a coverslip but ea without a coverslip).B) An illustration of the

head holder and the anesthesia maskirfovivo imaging, the surface of the cortex under a glas

coverslip, hold in place by dental acrylic, and@yre of the real-life setup. C) Strong motionfarts

can be observed when the surgery did not go wellthe brain was not stabilized by the coverslip.
Here, the heart beat of the mouse could be obs@eedext). D) Motion artifacts can be minimized in
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optimal surgical conditions. The same stretch ofddite was imaged in two-photon mode with 0.01

ms pixel dwell time for a 256x256 pixel frame. Tlast frame is a projection over time of 19 frames
where each time point is color coded (color-codegrtes). White areas indicate areas where all
timepoints (all colors) are on the same spatialrdioates i.e. no movement over time. In all

experiments, a Thyl-YFP mouse (aged 10 weeks) s u

The water-dipping objective Olympus LUMFL 60X NAlid an objective that was
designed to be used without a coverslip. It featwaecorrection collar that allows
aberration correction for deep imaging. As dematstt in Figure 18 A, both the
excitation PSF as well as the STED doughnut PSFsawerely distorted when
fluorescent beads or gold particles are imagedutiiraa coverslip. Fortunately, the
correction collar can be adjusted to compensat¢éhivaberration mismatch between
the immersion medium (water), the coverslip glag te brain itself. This situation
enables us to use a coverslip above the braimfarvo imaging. The implantation of
the coverslip stabilizes the brain and severelyiced motion artifacts (as compared

to the open skull technique).

Figure 18 B illustrates our surgical approach (gelhe following [75]). A titanium
headholder (Luigs&Neumann) is fixed on the skullhwsuperglue and dental acrylic
and allows the positioning of the mouse in a custoade isofluoran anesthesia mask
(Anesteo, Villetelle, France). A craniotomy is merhed and 1.2% low melting
agarose solution is used to stabilize the braiovwel 3 mm, #1 coverslip (Warner
Instruments, Hamden, USA). The coverslip is stabdi with superglue and dental

acrylic before the mouse is transferred to a déelitenicroscopy stage.

The image in Figure 18 C illustrates the motionfasts that are induced by the
heartbeat of the mouse. The 512x512 pixel frame imaged with 0.005 ms pixel

dwell time, which leads to an image acquisitiondimf 1310.72 ms. Roughly 9

distinct motion artifacts can be observed (131052® motion artifacts = 145 ms /
artifact) which corresponds to the heartbeat ooaise (8 Hz = 1 beat / 125 ms) for a
freely moving mouse[76]. Motion artifacts inducegllireathing were never observed
while the heart beat artifacts was stronger inicalrtareas close to large blood
vessels. In the case of a successful surgery, ttmmartifacts can be dramatically

reduced, as illustrated in Figure 18 D.
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Figure 19:1n vivo STED Imaging

A two-photon excitation maximum-intensity projectio(2 frames) of a large field-of-view
(150x150x85um stack) of a Thyl-YFPXCX3-CR1-GFP meoursthe barrel cortex of a 10 week old
mouse. Signals from neuronal structures and mixegtre post-hoc processed (linear unmixing) and
color merged. B) In the same preparation, STEDnihation allows the quantification of much finer
spine necks. Gaussian fits of the spine neck linéle illustrate the improved resolution.

Figure 19 presents a first example of two-phototitaion STED microscopy in the
cortex of a living mouse. The Thyl-YFPxCX3-CR1-GR®use was operated as

described above and a large two-photon excitatiackswas recorded. Two-photon
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imaging could be performed 100 pm below the surfatethe brain with no
photobleaching observable over the course of 70 (i#h z-stacks). Microglia
morphology is comparable to acute slice preparataond do not appear activated by
the surgery (visual inspection, T. Pfeiffer, INSreaux). The illumination of a
single dendritic segment with the STED laser (Fégli® B) returns spine necks that

appear ~ 100 nm thinner when compared to two-phiitonination alone.
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3 Conclusions and Outlook

STED microscopy has come a long way from its tinsbretical prediction in 1994 to
in vivo imaging recently[30]. However, technological cealjes and certain initial
limitations like live-cell compatibility have certdy delayed its full application in
neuroscience research. Part of this problem wdsrthial STED microscopes were
designed around the demands for STED microscopynah@round the demands of
neuroscientific research applications. These demanel often in conflict which each
other, such as opto-mechanical stability is higleerinverted systems but upright
microscopes are favourable for acute brain slicgsadbsolutely necessary fior vivo
applications. In addition, oil objectives are inqmatible with upright systems while

water-dipping objectives have a lower NA.

The goal of this work was hence the developmena &TED microscope that is
readily compatible with the most common brain prapans in neuroscience and
allows nanoscale live-cell imaging of the populezen fluorescent dyes and proteins
deep inside scattering tissue. This microscope ldhawake special cell culture
preparations redundant and hence foster the apiplicaf STED microscopy in

neuroscience.

The results of this thesis provide evidence thas¢hgoals have been achieved by
using a two-photon excitation scheme combined \ithulsed STED laser on an
upright microscope with a water-dipping objecti#specially the use of the pulsed
STED laser allows live-cell time-lapse imaging waihperior resolution compared to
regular two-photon microscopy and continuous-wavero-photon STED
microscopes. The challenge associated with pulsserd is the necessity of having
the pulsed two-photon excitation laser synchronaed optimally delayed in time,
with respect to the pulsed STED laser. As tunakle-gthoton lasers feature a
resonator cavity where the light emitted from trengmedium interferes to form
standing waves (or modes), the synchronisation rtoexternal pulse repetition
frequency demands a precise stabilization of thetyc#éength. In contrast to earlier

reports that used a custom-build optical parameisiillator, the system described
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here utilizes a commercial option for researchieas tio not have the background to
build their own lasers. Because of the pulsed patfithe STED light, lower average
power (~30 mW compared to ~200 mW for CW lasershim BFP) can be used,
which is important for time-lapse live-cell imagingrecise delay of the STED pulse
relative to the excitation pulse also allow for gmilduration probing on the
picosecond range which would otherwise require stiphted equipment such as
autocorrelators. Additionally, this system is atsgpable of probing the fluorescence
lifetime of molecules which should allow FLIM measments inside thick biological

specimens.

The use of a water-dipping objective over oil-imaien objectives has the advantage
of a lower refractive index mismatch between themersion medium and the
aqueous cellular environment. The reduced refracindex mismatch minimizes
spherical aberrations which can be detrimentahéoquality of the STED doughnut.
The 60x 1.1NA objective used for this microscommdkatures a correction collar for
spherical aberration correction which is adjustegehding on the imaging depth.
Recently, glycerol (n=1.46) objectives have alserbesed for STED imaging which
feature a refractive index which is closer to tbabrain tissuer{ = 1.37) than oll
immersion objectives (n=1.57). With these objedjvdeeper penetration depths can
be obtained, albeit only because a coverslip iwéeh the sample and the immersion
medium, and for upright systems, which allow accéss electrophysiological

recording equipment, glycerol objectives are nobpton.

Previous two-photon STED reports have either usaglkesscanning or excitation and
STED wavelengths that are in the near-IR. Microsesothat feature stage scanning
have the clear advantage over beam-scanning schesnasch as they do not need
relay optics before the objective to keep the bstationary in the BFP. Therefore,
only axial chromatic aberrations can be introdutdthe relay lenses and the
objective, but which can be compensated by deroating one of the two beams
before the objective. In beam-scanning, where Wee duperimposed beams hit the
relay lenses at varying angles, lateral chromalierations can cause additional
problems. This can be minimized by reducing theelength difference between the
STED and the two-photon beam (i.e. by using theesaravelength but different
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pulse lengths)[62] or by choosing the excitatiod &TED beam wavelength so that
they both fall within a wavelength range where tiptics are well corrected for[58,
61]. Unfortunately, in the case of two-photon STHEBDicroscopy of green
fluorophores, the two-photon beam needs to beamtar-IR for excitation and the
STED beam has to be within the emission spectruthefluorophore and hence in
the visible spectrum. Classic scan- and tube lgstems are chromatically corrected
for either the VIS or the near-IR range and onbtdiee anti-reflection coating in the
other respective domain. As the presented micraspnique and first-of-its-kind,
the initial optics were suboptimal and lead to dued field-of-view as the excitation

PSF and the STED doughnut get misaligned for lasgan angles (Figure 20).
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Olympus Scanlens
Olympus Tubelens

400
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Figure 20: Chromatic aberration for different scantubelens combinations

A) The original Olympus Scanlens (FV3-PLWI) and €ldns (U-TLUIR) from Olympus show
considerable lateral chromatic aberration. Forsitiation, the two-photon beam (red) and the STED
beam (green, without the vortex phase mask) shavlay in a central region but dissipate at larger
scan angles. B) The dissipation between the twal fgpots is reduced with a recently developed f=40
scanlens from Till Photonics. C) The replacement tik¢ Olympus tubelens with the CVI
YAP:1064/532-200 lens worsened the chromatic abens D) Chromatic aberration of the CVI lens
as a function of wavelength. E) The graph illugsathe displacement of the two-photon and the STED
foci as a function of distance from the center. THePhotonics scan lens together with the Olympus
tube lens leads to a minimal chromatic aberration.
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Figure 21: High-NA silicon oil immersion objective

Immobilized 40 nm fluorescent beads were imagedutdjn a #1 coverslip with a 1.3 NA 60x silicon
immersion objective (Olympus UPLSAPOG60X). A cleasalution enhancement can be observed
across the 40 um x 40 pm field-of-view (red: twa{am, overlaid green: two-photon STED).

Recent efforts to improve the microscope were ftoheee directed towards
implementing a special scan and tube lens combmdfill Photonics f40 scan lens
and CVI Melles Griot YAP-200.0-40.0-1064/532 tuked). The scan lens features a
chromatic focal shift of only ~ 5 um between théngple excitation and STED
wavelength (600 nm and 910 nm) at its largest daoep angle. This lens clearly
improved the chromatic shift issues as demonstratedrigure 20. ZEMAX
simulations showed that the CVI tube lens (whickdsrected for 532 nm and 1064
nm but features a constant chromatic aberratisgeofbr 600 nm and 920 nm, Figure
20 D) should further improve the misalignment farger scan angles, a prediction
that did not hold true (Figure 20 E).

Precise estimates of lateral and axial chromatift stre compromised by the

commercial suppliers because the lens data unglatliet confidentiality regulations.

A new silicon immersion objective has been testedhe setup recently (Figure 21).

This objective features a high NA and the refractidex of 1.40 is closer to brain (~
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1.37) than any other immersion medium. On 40 nrar8acent beads, the objective
performs very well (lateral STED resolution ~ 50)ramd should be very beneficial
for in vivo STED imaging approach, if the surgery complieshwite low working

distance of 0.3 mm.

Although a spatial resolution enhancement from 8 86 to ~ 60 nm in the lateral
direction was achieved, future development of therascope should also increase
the resolution in the axial direction. Several 3DE® options have been described
such as using an additional phase plate that intesl ar phase shift in a central
disc, which quenches the excited molecules abowk lmiow the center of the
excitation PSF[77, 78]. Recently, also programmaiplatial light modulators (SLM)
have been demonstrated that additionally allow ratien correction of the STED
doughnut[79, 80]. Improving on the z-resolutiontwo-photon microscopy is likely
to have a dramatic effect as the two-photon PSReraxial direction is often several

microns long.

Additional technological development of the systewll include a proximity
detection module to allow efficient detection ohtered photons deep inside brain
tissue. The initial use of avalanche photodiodesd&tection was motivated by the
demonstrated quality of this detection method vjmus STED microscopes. They
allow an excellent signal-to-noise ratio due tohhdgtection sensitivity paired with
low dark noise. On the other hand, because of rtedl axctive area, the signal light
has to be delivered via an optical fiber that cah a a confocal pinhole. As a
confocal pinhole is dispensable in two-photon nscopy, high quality photo-
multiplier tubes with a large active window and dted close to the BFP of the
objective will collect more scattered signal phatonThe opto-mechanical
implementation of these detectors should be rathmeple as only a dichroic mirror
and the detectors itself need to be installed. ahalog output of the PMTs can
readily be recorded by the NI-DAC cards and usedrf@age formation. Along the
same line of argument, high-NA but low magnificatiobjectives with a large BFPs
(i.,e. 20x, NA 1.0) would also be of interest for mtreased signal detection. A
potential problem might arise as the large BFPslnedbe sufficiently overfilled to
achieve true diffraction limited PSF formation. ialler focal length scan lens (such
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as the one that is being tested) together withngdp focal length tube lens could

provide the necessary magnification of the exataind STED beam.

This thesis work was mainly concerned with the giesand construction the
microscope. Examples of two-photon STED microscajylications in neuroscience
have been described in the reports as well asapteh 3 of the results. Further work
is intended to demonstrate the flexibility of thestem for biological questions in the

various biological preparations.

A good example are the measurements carried odéndrites of the granule cells in
the dentate gyrus. Once the expression of YFP amude cells was confirmed, the
recording on acute brain slices could be perforndedthe expression levels of YFP
were lower in the dentate gyrus as compared tdCthg area, these measurements
will be repeated on the Thyl-GFP M-line which exgses GFP mainly in the dentate
gyrus. In addition, patch-filling of granule cellgll allow the reconstruction of the
full arborisation of the dendritic tree. ldealljet nonlinear integration of EPSPs in
the dendrites of these cells should be probedrylsaneous glutamate uncaging and
STED imaging by incorporation of an uncaging lasethe beam path by a dichroic

mirror.

The observed micro-varicosities in dendritic spimerks are an example of novel
morphological findings made possible by superrdswmiimaging. With conventional
two-photon microscopy these varicosities are toalksto be discriminated from
spine neck while electron microscopy would onlyedétd these structures after
extensive reconstruction of a large amount of déndspines. Time-lapse imaging

would be a first step towards the identificatiortloé origin of this observation.

As mentioned before, these structures were alserebd on a different STED system
in organotypic slice cultures in the laboratory.eTtwo-photon STED microscope

could rule out the possibility that these strucsuaee due to a culturing artefact.

Initial experiments on acute brain slices of VGLUT™enus mice demonstrated the
principle feasibility of two-photon STED microscomn endogenous expression

levels of fluorescent proteins.
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The development of novel fluorescent markers aedtore labelling strategies is of
great importance to the field of superresolutiohe emonstration that nanobodies
are suitable markers for STED microscopy will bén#fe field as this strategy
allows virtually any intracellular protein to bebkdled by high-specificity nanobodies

and subsequent time-lapse imaging of their dynamitging cells.

The last example in the results section illustrates efforts to taken vivo STED
imaging into deeper layers of the cortex. The ppiec feasibility was reported
recently[30] demonstrating time-lapse imaging ofdhiic spines in the most
superficial layer of layer | of the somatosensooytex. Because of some of the
reasons mentioned earlier in the discussion (radndex matching of the water
immersion objective to brain tissue, two-photoni&tion, short STED pulses, etc.),
there is reason to assume that the microscope neesehere will allow
superresolution imaging in deeper inside the madedayer of the cortex, given the
challenges associated wiithh vivo imaging, such as motion artefacts, are solved. A
first demonstration of two-photon STED microscopy molecular layer | of the

mouse cortex was presented in this thesis work.

The connection between structural and functionalaptic plasticity has been
demonstrated for many different synapses in differ@&reas of the brain and is
considered to be a mechanism for long-lasting mgrraces. With the tools on our
hand, we can now investigate the nanometric stractthanges that accompany or
underlie functional changes in synaptic transmissie.g. after the induction of
synaptic plasticity like LTP. The LTP paradigm iseoof the most popular functional
plasticity paradigms used in neuroscience for elgdihe cellular mechanism of

learning and memory.

A pressing question concerns also the morphologigathronisation between pre-
and postsynaptic structural plasticity. Postsymappine head enlargement can be
readily induced by two-photon uncaging of cagedaghate. It was shown that the
structural changes on the spine head coincide aveitiengthening of the synapse via
an increase in AMPA-receptor mediated currents[8t]present it is unclear if this

spine head enlargement also leads to a remodelfitize associated spine neck. On
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the other hand, long-term depression in hippocaromgnotypic slice cultures leads
to a reduction in presynaptic boutons and a losofact to postsynaptic spines[82].
In both cases a two-photon microscope, was usedéiaction of the morphological

changes.

Combining the two experiments with the two-photdrE® microscope would allow

insights in the fine changes that might lead to- pged postsynaptic structural
plasticity coupling. For example, fine protrusiong the spine head have been
reported and their development was suggested tasbeciated with the growth of

new postsynaptic processes that connect to a papsgmpartner[83].

Similarly, inhibitory presynaptic terminals undergoorphological changes over
time[84]. Here, the postsynaptic synthesis and yprastic site of action of the
endocannabinoid system suggests a potential mesrhafioir pre- and postsynaptic

morphological coupling.

The presented microscope allows nanoscale obsemvatithe fine structures of the
nervous system that are dynamic and believed teesept structural correlates of
functional adaptability, one of the unique charasties of the brain. Although STED
microscopy is still in its infancy when comparedntore traditional optical imaging
techniques, there is reason to believe the STEDt(wr superresolution technology)

will have a similar impact on neuroscience as twotpn microscopy.

For example, a quick search on the PubMed dataleasals a strikingly similar
development of publications concerning the key wokg-photon+microscopy’ and
‘STED+microscopy’ when normalised to the first pobtion of the respective

keyword.
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Figure 22: Publication development of two-photon ndroscopy versus STED
microscopy

Key word search on PubMed (NIH) database for ‘thotpn+microscopy’ and ‘STED+microscopy’
per year, normalised to the year of first publizat{as of 05/03/2013).

This development might be interpreted as a predifdo a similar successful
development of STED microscopy as two-photon mwopyg, which now produces

an average of about 350 peer-reviewed reportsgzat y

In conclusion, | have presented the design, coctstru and application of a novel
two-photon STED microscope for dual-color imaginghe most popular biological
preparations in neuroscience. Further technologleaklopment and its application
to current questions in brain science will dematstthe importance of the presented
concept for superresolution imaging.
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5 Abbreviations

STED
PSF
near-IR
CAl
CA3
GFP
FITC
BFP

AU

NA
FWHM
PALM
STORM
SIM
RESOLFT
w

GSD
Thyl
LTP
Ti:sapphire
FRAP
OPO
CW
APD
PMT
2PE
vGLUT1
CX3CR1
FLIM

Stimulated emission depletion

Point-spread function

Near infra red (light)

Cornu ammonis 1

Cornu ammonis 3

Green fluorescent protein

Fluorescein isothiocyanate

Back focal plane
Airy unit

Numerical Aperture

Full width at half maximum

Photoactivated localization microscopy
Stochastic optical reconstruction microscopy
Structured illumination microscopy
Reversible saturable optical fluoresceraesitions
Watt

Ground state depletion

Thymocyte differentiation antigen 1
Long-term potentiation

Titanium-sapphire

Fluorescence recovery after photobleaching
Optical parametric oscillator
Continuous-wave

Avalanche photo diode

Photo multiplier tube

Two photon excitation

Vesicular glutamate transporter 1

CX3C chemokine reporter / fractalkine reoept
Fluorescence-lifetime imaging microscopy
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6 Appendix

6.1 Tissue preparation

Following are short protocols for the preparatidnttee experimental preparations

used in this thesis.

6.1.1 Dissociated hippocampal cell culture

Dissociated hippocampal neurons from embryonic Hyat embryos of either sex
were plated on 18 mm polylysine-coated glass ctiperat a density of 1000
cells/cnf in MEM containing 10% horse serum (Invitrogen) ®h, then cultured in
Neurobasal medium supplemented with B27 on a layaglial cells[85]. Neurons
were transfected at 4-7 DIV using Effectene (Qidgemnl processed 2-5 d later[86].

6.1.2 Organotypic hippocampal slice culture

Organotypic hippocampal slices were prepared fremo F-day-old transgenic Thy1-
YFP mice and cultured for 2—4 weeks using the GEnwechnique as roller-drum
cultures[70]. In brief, the isolated hippocampi werut to 350um thickness on a
tissue chopper before being embedded in plasmatthiroclots on heat treated and
poly-L-lysine coated glass coverslips. The dissectvas carried out in cooled Grey’s
Balanced Salt Solution containing in g/L: 0.220 @42 H20; 0.740 KCI; 0.030
KH2PQy; 0.210 MgCH6 H,0; 0.070 MgS@*7 H,0; 8 NaCl; 0.227 NaHC£ 0.120
NaHPOy; 1.100 D(+)-Glucose*bD, supplemented with 1ml of kynurenic acid
(Sigma-Aldrich, 18,90% w/v diluted in 0.1M NaOH stibn) and with a glucose
solution (Sigma-Aldrich) to a final concentratiohld.g/l: pH 7.2.

Roller-drum culturing was done at 35°C with a ratatspeed of 10/h in a medium
containing 50% of Basal Medium Eagle (BME, Gib&§% of Hanks’ Balanced Salt
solution (HBSS, Gibco); 25% of heat inactivateddgoserum (Gibco) supplemented
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with Glutamine to a final concentration of 1ImM a@tlicose to a final concentration
of 11g/l.

6.1.3 Acute brain slices

Thyl-YFP mice aged 21-40 days old were killed byvical dislocation, and their
brains were quickly removed and placed in ice-calagcrose-based artificial
cerebrospinal fluid (ACSF) containing (in mM) 21mase, 10 glucose, 2 KCI, 26
NaHCG;, 1.25 NaHPO,, 0.1 CaC, and 6 MgCI (pH 7.4, osmolarity ~320 mOsm/L),
which was bubbled with carbogen (95%/%3% CQ). Sagittal 350-mm-thick slices
were cut using a vibratome (VT1200, Leica, MannhegBarmany) and transferred to
a heated (32° C) holding chamber with NaCl-base&R®ubbled with carbogen,
which consisted of (in mM) 124 NaCl, 3 KCI, 26 Na@B%¢ 1.25 NaHPO,, 10
glucose, 2 CaGJ 1 MgCl, and 0.6 Trolox (pH 7.4, osmolarity ~30®sm/L) for 1 h.
These slices were subsequently maintained at reampdrature for a maximum of 4
h. For the imaging experiments, the slices wenesfeared to a submerged recording
chamber, where they were continuously perfused f®.imin) with ACSF at room

temperature[87].

6.1.4 In vivo preparation

The craniotomy on 35 day old Thy1l-YFP mice wasqgrened following [75]. The
animal was continuously kept under 2% isofluranes#éimesia during the surgery and
imaging. The skin above the head was removed wetlilized scissors and a 3-4 mm
round craniotomy was performed under cortex byffeéé mM NaCl, 5 mM KClI, 10
mM glucose, 10mM HEPES, 2 mM CaC2mM MgSQ in distilled HO, pH 7.4).
The skull was carefully scratched and a thin laferyanoacrylate was applied. A #1
coverslip (1.15 mm thickness, 3 mm diameter) wasfally lowered on the brain
surface and attached to the skull with cyanoaaylattitanium bar for the
attachment to a head holder (Luigs&Neumann, Gerinaag attached to the skull
using dental acrylic.
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6.2 Point-spread function (PSF)

The properties of a monochromatic image of a psmirce by a well-corrected
circular lens are given by the three-dimensionffratition limited light distribution

near the focal plane that is derived from the HumggEresnel principle to be

1

ha(v,u) = 2C f exp (—%upz)]o(pv)pdp (6.1)

0

with

_2m

v==r sin(a) andu = 27"2 sin? (%) as the optical coordinates in the image plane,

with r = \/x? + y2, A = wavelength of light, NA = simj. J,denotes the zero-order
Bessel functionp the normalised radius of the apertufea constant that gives the

electromagnetic field a geometric focus= v = 0)[12].

This relationship is known as the amplitude PSF mamtesents the strength of the

electromagnetic field in the image plane.

The intensity distribution of a single point objewtar the focal plane is the squared
modulus of the electric field amplitude as a resgoto a point source of an optical

system.

It defines the intensity point-spread-function (P&§

h(U, u) = |hA(Ul u)lZ = hA(Ui u)hj(v, 'LL) (62)

with
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v = ZT"r sin(a) andu = 27"2 sin? (%) as the optical coordinates in the image plane,

r = /x% + y?, A = wavelength of lighty = half angle of the angular aperture.

The extent of the intensity PSF is often describgdhe term Airy disc which is
defined as including approx. 84% of total photooxflwithin the illumination
intensity PSF and described by

2
h(v,0) = hy [2] lv(“) (6.3)
for the radial extend and
. 2
h(0,u) = hy [%] (6.4)

for the axial extend witly, as the Bessel function of the first kind of ordae[12].
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6.3 Spatial resolution

The term Airy disc is helpful in describing the akgion or the minimal resolvable
distance between two closely spaced objects by snefthe Rayleigh criterion that

states:

Two closely spaced objects can be resolved if theinmm of first object PSF

coincides with the maximum of the second objec8& P

In optical microscopy, spatial resolution is oftéescribed as the minimal distance
between two objects by the FWHM of the intensity-H8r a given optical system
with

A
=0.51 — 6.5
Ar = 0.51 N7 (6.5)
for the lateral and
ni
=177 — 6.6
Az =177+ (6.6)

for the axial resolution witlh = the refractive index of the immersion medium and

the numerical aperture NA= sin(@).
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6.3.1 Spatial resolution in a confocal microscope

In confocal microscopy the effective PSF is a poichf the probability of a given
point to emit a photon times the probability thaistphoton passes the pinhole and
can be detected. Hence the effective point-spreadtibn h,,r,., Of a confocal

microscope can be expressed by

v u
hconfocal(v‘ u) = hyy(v,u) * hget (E' E) ~ hizll(vﬂ u) (6.7)

with hy;(v,u) as the illumination PSH ., (%%) the detection PSF angl = %
ill

which is approximated to 1 Af = wavelength of emission lightand A4f; =

wavelength of excitation light).

The quadratic dependency of the confocal PSF leaada smaller PSF and a
resolution enhancement by the factor 1.4. The FWHsblution of an idealised

confocal pinhole is then described for the latdmalension by

A
Ar = 0.37 — 6.8
" NA (6.8)
and the axial dimension
Az = 1.28 A 6.9
2 =128+ > (6.9)
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6.3.2 Spatial resolution in a two-photon microscope

In two-photon microscopy, the fluorescence intgndiépends on the square of the

excitation intensity and therefore the square efilflamination PSF becomes relevant

v u
hewo-photon (7 0) = Wy (5,5) (6.10)

with g and% correcting for the approx. double wavelength ugsedwo-photon

excitation microscopy.

This results in a modified formula to describe ithéial resolution limit

0.320V2In2 A
Ar=——— ,NA <07

V2 NA (6.11)

0.325v2In2 A
Ar =———7—,NA>07

\/ENAO.91

and axial resolution limit

Ar = 0.3251 1
)

where) = wavelengthn = refractive index of medium, NA = numerical apeetaf
the objective lens[12, 88].
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