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Abstract

Optical far-field methods are frequently recruited in modern life sciences, especially
because one can benefit from various kinds of specific labeling. This was forced even
more when several techniques for diffraction-unlimited imaging came up within the last
two decades, the first of them ST imulated Emission Depletion nanoscopy (STED). The
lateral resolution refinement paved the way to a whole new era of addressable biological
questions. Inevitably, the call for an enhanced axial resolution arose shortly after. Within
this work, a straightforward approach for an entirely three-dimensional investigation
of arbitrarily thick samples with nanoscopic resolution is presented. STED nanoscopy
is combined with mechanical ultrathin slicing to a section thikness of 50 − 100 nm in
the axial direction. This approach is highly advantageous, not only because ultrathin
sectioning reveals densely packed structures with a, compared to a confocal spot size,
tenfold increased resolution in the axial direction. Importantly, the fluorescence back-
ground from adjacent layers of the focal plane is avoided. Furthermore, every single layer
of a three-dimensional sample can be addressed independently with the optical high-
resolution provided by STED. Hence, photo-bleaching in the periphery of the focal plane
as well as scattering and aberrational effects within the sample are excluded. As a result,
three-dimensional nanoscopic investigation is no longer limited to sophisticated experi-
ments, including complex setups or computational deconvolution of the data. Even more
important, it can be performed on arbitrarily thick samples, like whole tissue blocks.
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1 Motivation

The Anglo-Saxon saying “seeing is believing” justifies why imaging is one of the most
employed methods in modern science. Clearly, one should always bear in mind that due
to the human fallibility, the reverse might be true. However, theoretical assumptions
are generally easier established if there are means of visually confirming the predictions.
Unfortunately, while looking at small objects, the naked human eye is restricted to a
resolution of 0.1mm, meaning that closer features cannot be distinguished anymore [22].
Thus, tiny objects are difficult or even impossible to investigate in terms of their size,
shape, structure or material. The same applies to herewith connected natural processes.
Already the Greek and Romans realized that natural phenomena can be followed

through a lens, sometimes just a water-droplet, which focuses the light and helps to
make small details visible. However, it took up to the early 17th century until the first
microscopes were built by combining several lenses in a row. They facilitated the chal-
lenging observation of bacteria, muscle fibers, blood flow or single cell organisms [44]. In
the beginning of the 19th century, another significant step forward was made when Ernst
Abbe, in close collaboration with Carl Zeiss, investigated the wave-character of light [2].
Consequently the microscopic resolution was improved by a factor of two. Abbe also
derived his famous resolution formula for optical microscopes:

∆x,∆y ' 1.22
λ

NA
, ∆z ' 4

nλ

NA2
. (1.1)

Here, λ is the wavelength of light and NA = n · sinα the numerical aperture of the lens.
With the best objective lenses used in modern light microscopy, a semi-aperture angle α
of 73◦ can be achieved leading to a highest lateral resolution of 150 nm (and NA = 1.6),
assuming that UV light (350 nm) is used. For the axial direction, the resolution of a
diffraction-limited system is around 3− 4 times worse.
Taking into account that many natural processes occur on the molecular level, it is

evident that such a resolution is very often insufficient. According to eqn. 1.1, higher
resolution is achievable by either reducing the observation wavelength or by increasing
the numerical aperture. The first led to the establishment of electron microscopy, which
can under ideal conditions resolve structures down to the size of an Ångstrom. It is not
even limited by the wavelength of the electrons, but rather by aberration effects [185].
In contrast, in near-field methods [136] like atomic force microscopy (AFM) [128, 45] or
scanning near-field optical microscopy (SNOM) [102, 164, 98], focusing of light is needless
and restrictions by the numerical aperture are eliminated. To collect the measuring signal,
a sensor tip is closely approached to the sample surface. Consequently only the exterior
of a sample is accessible by those techniques, while any interior remains concealed to the
observer.
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1 Motivation

Still, for the biological investigation of thick cellular structures very often light mi-
croscopic resolution on the nanoscale is indispensable or at least desirable, be it due to
labeling issues or due to the incompatible working conditions of other high-resolution
methods. Starting from the early 1990s new optical high-resolution methods were con-
ceived in the fields of fluorescence microscopy. These evolved out of a revised notion of
the imaging process, which explicitly included the photophysical properties of the flu-
orescent dyes and exploited finely tuned fluorescence switching mechanisms. The most
common concepts are STED [69, 103], PALM [11, 75] and STORM [144], which were
all shown to provide a lateral resolution of 20 nm or less with focused light. However,
attaining resolution below 100nm also in the axial direction still significantly increases
the experimental complexity or at least requires extraordinary stable and bright dyes
[30, 86, 147, 154]. What is even more critical is the limited penetration depth of a fo-
cused light beam into a sample, typically in the range of a few micrometers, because of
scattering effects in the interior. This makes spatially extended samples only partly ac-
cessible by optical high resolution techniques. Furthermore, very dense structures often
cause a background signal, which can compromise the high-resolution images. Tackling
these limitations is the aim of this work.
Some of the listed problems are not new, but arose around 60 years ago for transmission

electron microscopy (TEM) [101]. Mechanical ultrathin sectioning of the sample had in
many applications a pivotal role and vitally contributed to the success of the technique.
Hence, it is logical to adopt this strategy for optical methods, including STEDmicroscopy,
as well. However, for the preparation of slices which are a few tens of nanometers thin,
previous embedding into a hard plastic block is normally mandatory and accepted.
However, polymer embedding is not only incompatible with life-cell imaging. There

are also substantial changes in the direct environment of the sample. If the samples are
prepared as usual and stained before embedding, the effect is most notably at the site of
the fluorescent labels. The fluorophores are potentially either destroyed by the chemical
polymerization reaction or their spectral properties vary with the surroundings.
In contrast, staining the samples after polymer embedding will probably result in an

inefficient staining. The polymerization and the subsequent slicing process are likely to
affect the labeling sites, making them hard to recognize by the labeling targets. In addi-
tion, distractive staining artifacts occur more often in the unpolar polymer environment.
Hence, post-embedding labeling is a rather unattractive alternative.
Finding ways to sustain the benefits of optical microscopy, in particular in terms of

specific labeling, within high-resolution methods during polymer embedding is the major
goal of this work. To this end, the spectral changes of fluorophores in a polymeric
environment are investigated.
In addition, different polymers show a different applicability to fluorescence microscopy

methods, especially when high laser power is employed. Therefore, their optical proper-
ties will be addressed and balanced out.
Finally, the practical use of the method is verified through tackling different biolog-

ical questions. All of them vitally benefit form the nanoscopic resolution in all three
spatial dimensions, enabled through the combination of the most powerful optical and
mechanical tools.
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2 Theoretical Background

2.1 Far-field optical microscopy

Due to the wave character of electromagnetic radiation, the resolution capability of an
optical far-field system is restricted by diffraction [2]. A point-shaped object, which is
imaged with a light microscope, is not reproduced as a simple point, but smeared out
in all three dimensions. The resulting diffraction pattern for a circular aperture with its
alternating maxima and minima, also called Airy pattern, is mathematically described
as

I(ϕ) = I0

[
J1(Φ/2)

(Φ/4)

]
(2.1)

with Φ = 2πB sinϕ
λ . Here I describes the intensity subject to the observation angle ϕ, B is

the diameter of the pinhole, λ the wavelength of the incoming light and J1 the 1st order
Bessel function. The central area of the pattern is called Airy disc and is the smallest
area to which one can focus a beam of light through an optical system.
Considering that the function determining how an object is imaged is called point-

spread-function h(~r) (PSF) and in the case of a linear, spatial invariant optical system,
the imaging process can be described as a convolution of the object distribution O(~r)
with the PSF. This results in the image distribution

B(~r) = O(~r)⊗ h(~r). (2.2)

The effect of the PSF on imaging is illustrated in Fig. 2.1. In a diffraction limited
optical system the PSF is closely correlated with its resolution capability. According

=

B(r)h(r)O(r) =

Figure 2.1: Visualization of the blurring of an object during image acquisition with a
PSF of a certain size. Mathematically this effect is described by convolving
the object distribution O(−→r ) with the PSF h(−→r ) resulting in the blurred
image distribution B(−→r ).
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2 Theoretical Background

to the Rayleigh limit it can be roughly assumed that two points with a distance of the
full-width-half-maximum (FWHM) of the PSF -which is equal to the lateral distance
between the minima of h(~r) that enclose the main maximum or half the diameter of the
Airy disk- can be barely resolved with the system.
Thus it becomes evident that the resolution of an optical system is limited, and if

two structures get too close, the system-induced images of those structures overlap. The
consequence is that they cannot be distinguished anymore and no precise conclusion
about the number of objects or their in between distance can be made [15].

2.1.1 Fluorescence microscopy

With increasing complexity of a sample, a good imaging contrast is of importance to
resolve single and small structures. Subsequent to the observation of luminescent sam-
ples after irradiation with UV light, August Köhler invented the concept of fluorescence
microscopy in 1908 [131]. This enabled a selective observation of a certain structure
after staining it with appropriate labels. In consequence, the detection sensitivity was
remarkably increased.
The principle of fluorescence can be explained by considering a simple system with two

distinct energy-levels as described by Einstein, where absorption, spontaneous and stim-
ulated emission occur [32]. The effect is commonly explained by means of the Jablonski
diagram shown in Fig. 2.2. A fluorescence molecule is excited by light of a certain wave-
length λexc from its electronical ground state S0 to an excited state of higher energy, e.g.
Svib
1 . From this electronical and vibrational excited state it relaxes very fast to the vibra-

tional ground state S1(Kasha’s rule) and afterwards under emission of a -with regard to
the excitation normally red-shifted- photon of the wavelength λf to a vibrational excited
electronical ground state Svib0 . While the molecule is in its S1 state, an electronic transi-
tion to the ground state may not only occur due to spontaneous fluorescence emission,
but it can be stimulated by an incident photon, which triggers the emission of a second co-
herent photon from the molecule. Once the molecule is back in its vibronic ground state,
it is ready for a new excitation-emission cycle. When the emitted fluorescence photons
are detected, the (blue-shifted) excitation light is usually blocked by adequate filters. In
many cases the photophysics of a fluorescent molecule within a (biological) environment
are not that simple and a lot of additional processes like triplet-formation or destructive
photo-bleaching might occur (see Fig. 2.2, A). Nevertheless a huge number of biological
and other questions has been successfully tackled by labeling most different structures
with chromophores and observing them under a fluorescence microscope. Additionally
worth mentioning is that a change in the photophysical behavior of the chromophore
as a consequence of environmental changes might even be a source for additional local
information [166].
The decision which fluorescent dye is to be used in an application depends on many

factors. First of all, an efficient excitation that results in a bright fluorescence signal and
a high signal-to-noise ratio (SNR) is inevitable. This can be described by the effective
quantum yield
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2.1 Far-field optical microscopy
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Figure 2.2: Jablonski diagram (left) and enlarged part of a Jablonski diagram to visualize
the relevant processes for STED microscopy (right).

Qeff =
n(photon)emitted

n(photon)absorbed
. (2.3)

The number of photons absorbed by a certain fluorophore can be quantified through
the molecular extinction coefficient ε of it’s solution.

ε =
E

d
. (2.4)

E describes the observed extinction and d stands for the thickness of the transillumi-
nated sample.
The number of emitted photons, however, might be reduced by a high tendency to

perform intersystem-crossing and thereby triplet formation instead of fluorescence emis-
sion. Additionally, destructive photobleaching from an excited state or the presence of a
fluorescence quencher might decrease the effective fluorescence quantum yield.
Furthermore, for fluorescence microscopy the absorption- and emission-profiles, includ-

ing their shape or narrowness, and the energy-gap between them (Stokes-shift) are essen-
tial. The selection of a chromophore is dependent on the optical setup of the microscope.
Mainly two issues are important: The excitation source should ideally fit the excitation
maximum and the fluorescence maximum should be within the detection range, which is
determined by the appropriate fluorescence filters.
Finally, the fluorescence lifetime τ of a chromophore is important. It refers to the

average time a molecule stays in its excited state before emitting a photon. Typically
the fluorescence follows first-order kinetics and the according exponential decay of the
fluorescence intensity is described by

I(t) = I0 exp(− t
τ

). (2.5)
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2 Theoretical Background

For organic fluorescence markers in solution the value is typically a few nanoseconds.
If the chromophore is attached to biological samples, its physical properties like solu-

bility in water or size (especially for proteins) can be of major issues as well.
Polymer embedding might have a considerable influence on any of those properties. It

can be assumed that the number of deexciting collisions with freely diffusing molecules is
substantially reduced as compared to a solution. This might increase both the effective
quantum yield and the fluorescence lifetime. Moreover, compared to a solution, the
number of freely diffusing oxidizing agents is reduced after polymer embedding. These
oxidizers are very often responsible for the observed photobleaching after excitation of
the fluorophore.
However, in the worst case, the polymer absorbs either the excitation light or the

emitted fluorescence. Both imply a decreased effective quantum yield of the system.
In addition, polymer embedding might have a remarkable influence on the absorption

or emission profile of a chromophore and cause spectral shifts. This has to be consid-
ered in microscopy, since it might require the adaptions of the optical system including
the excitation wavelength or applied filters. For complex and therefore less flexible se-
tups, it might even mean that a well established fluorophore is not viable anymore after
embedding in a polymer. In STED microscopy in particular, it is important that the
Stokes-shift does not becomes too small. This would cause a strenghtened reexcitation
of the fluorophore by the STED beam.
Although more and more interesting labels are available, the most important chro-

mophore classes for microscopy use are quantum dots, fluorescent proteins and organic
fluorophores. Quantum dots, although bright and spectrally tunable, have the disadvan-
tage to be toxic to biological tissue and show a high blinking behavior which makes them
not very popular in life sciences. However, first attempts to overcome the blinking issue
show the recent progress in this field, which might imply a rethinking in this context
[174].
In the last 20 years fluorescent proteins have gained importance, especially for life cell

imaging and in case of lacking specific membrane-permeable protein markers. But these
still suffer from high bleaching rates and their sensitivity to environmental changes. This
includes polymer embedding as well since in addition to potentially destructive chemical
reactions, it requires a dehydration of the sample. Normally, a certain amount of crystal
water is mandatory to make the proteins fluorescent.
Organic fluorophores are by far the most common labels. According to their chemical

matrix they can be grouped into different classes. Essentially, these are rhodamines,
cyanines, coumarines and fluoresceines, but the number of new, less prominent classes
is steadily increasing. By synthetic variation of the sidechains, their spectral properties,
their fluorescence behavior and also their solubility can be tuned to a large extent.
Of particular interest for high-resolution light methods are photoswitchable dyes,

among them cyanine dyes (used in STORM [144], but restricted to membrane stain-
ing) and rhodamine dyes (applied for PALM and related methods [75, 36]).
However, to become a useful fluorescence dye, a chromophore has to possess the ca-

pability to work as a selective label. In selective biological studies proteins are the most
frequently tackled structures. This is commonly realized by immuno-staining. The fluo-
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2.1 Far-field optical microscopy

Figure 2.3: Setup and light paths of a confocal microscope.

rescent dye is directly attached to a primary antibody, which recognizes a specific protein
(direct immuno-staining). A brighter staining can be achieved by using an unlabeled pri-
mary antibody, which is afterwards detected by several secondary antibodies, each of
them carrying several molecules of the fluorescent dye (indirect immuno-staining).
Another straight-forward way to selective staining is achieved by fluorescent proteins

(FPs). The cell is genetically forced to express a fusion protein consisting of the protein
to be observed together with the fluorescent protein. However, both immuno-staining
and genetically encoding, are using rather large labels that add an uncertainty to the
structure (up to 20 nm).
An overview about more sophisticated labeling strategies for high-resolution fluores-

cence methods, which play no essential role in this work is given elsewhere [35].
Conclusively, it has to be remarked that methods which are based on unspecific, e.g.

hydrophobic interactions, are not suitable for polymer embedding. These interactions
are likely to be effected by the embedding process, which then causes not intuitively
assessable defects of labeling.

2.1.2 Confocal microscopy

Confocal microscopy is currently the most common concept to increase the axial resolu-
tion of an optical system. It is THE method for present day optical sectioning.
As introduced by Minski [126], in a confocal microscope the excitation and detection

foci lay on top of each other or are “confocal”. The point-like PSFs are in each case gen-
erated by guiding the light through optical pinholes. The optical pathway of a confocal
microscope is illustrated in Fig. 2.3. For an improved axial resolution, the detection path-
way is particularly important: The confocal pinhole in front of the detector discriminates
the out-of focus light and thus introduces optical sectioning.
The resolution of such a microscope is limited by the focal spot size of both the

excitation and detection, which can both be determined by Abbe’s law. Expressed in
mathematical terms, the PSF of a confocal microscope is a combination of the excitation
PSF hexc (~r) with the detection PSF hdet (~r). As the detection pinhole in a real setup
can not be assumed to be point-like but has a finite diameter, the detection PSF must
be properly convolved with a pinhole function o (~r) generated by the back projection of
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2 Theoretical Background

the detection pinhole onto the sample. Accordingly, the confocal PSF is given by

hconfocal (~r) = hexc (~r) · [hdet (~r)⊗ o (~r)] ' h2exc (~r) . (2.6)

Pursuant with the Rayleigh criterion, the resolution in z-direction of a confocal micro-
scope is improved by a quadratic axial decrease of the fluorescence light not arising in the
focal plane. The FWHM of the confocal PSF in the axial direction can be approximated
by

4z =
λ

2n · sin2 (a/2)
. (2.7)

The most frequently used setup nowadays is the confocal laser scanning microscope
(CLSM), where the excitation and detection foci are shifted through the sample [184].
Thus, every single pixel can be addressed and questioned separately, if desired in all three
spacial directions.
However, it has to be remarked that due to scattering and aberration effects in inho-

mogeneous samples causing a deformed and enlarged focus, the penetration depth of a
confocal microscope is limited to the range of micrometers [183].

2.2 High resolution fluorescence microscopy

2.2.1 The lateral direction

A substantial progress in terms of the resolution of optical far-field microscopes took place
in the beginning of the 1990s when Hell and Wichmann proposed the STED concept.
The idea was to confine the fluorescence of the sample itself instead of the excitation
light [69]. The first experimental realizations of targeted switching of the molecules
from a fluorescent into a non-fluorescent state and subsequent readout were STED- and
ground-state depletion (GSD) microscopy [104, 73, 67, 18] which in general refer to the
RESOLFT concept [72]. Additionally, shortly there after several stochastic methods of
switching came up independently, among them photo-activated localization microscopy
(PALM) and stochastic optical reconstruction microscopy (STORM). Both approaches
have proven to yield the long time desired nanoscopic resolution especially for biological
samples with optical far-field setups and will be addressed in detail in the following
sections.

2.2.1.1 STED nanoscopy- an application of the RESOLFT concept

The concept of Reversible Saturable Optical Fluorescence Transition (RESOLFT) relies
on the probability to switch a fluorescent molecule (or more properly any system pos-
sessing an optically saturable transition, but this extravagates the limits of this thesis)
optically controlled, saturable and reversible between a bright on-state A and a dark
off-state B. The idea is to reduce the volume containing the markers in the bright state
A below the diffraction limit, so that the effective excitation PSF is minimized. This can
be done by a spatial intensity modulation of the switching laser beam with at least one
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2.2 High resolution fluorescence microscopy
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Figure 2.4: The principle of STED. A: Typical absorption (blue) and emission (green)
spectrum of a visible fluorophore. The wavelengths applied for excitation and
depletion are also indicated, as well as the detection region (green). B: The
excitation PSF is superposed with the donut-shaped STED PSF, resulting in
a laterally reduced effective excitation PSF, which is shifted over the sample.

intensity minimum.
In ST imulated Emission Depletion (STED) microscopy fluorescent targets are used.

The two level system is represented by the electronical ground state S0 with its vibrational
levels, equivalent to the dark off-state B and the first excited state S1 , which represents
the bright on-state A. The fluorophore is excited from S0 to a vibronical excited state
Svib
1 . Afterwards a relaxation to the vibronical ground-state of S1 occurs within picosec-

onds. Without any modification the fluorophore would return spontaneously into Svib
0

under emission of a red-shifted fluorescence photon and afterwards relax into S0. This
is the case for the zero-intensity region of the switching beam, and these photons are
ideally fully detected. The wavelength of the depleting switching beam λSTED is posi-
tioned at the long-wavelength end of the emission profile of the fluorophore, which is
correlated with a transition into the topmost vibrational levels of S0. To clarify this, a
typical absorption and emission spectrum of a visible fluorophore is shown in Fig. 2.4,
A. The according excitation and STED wavelengths, as well as the detection region are
also indicated. By applying a high enough intensity, stimulated deexcitation is induced
at the intensity-maxima of the switching STED-beam which leads to the simultaneous
emission of two photons of the same wavelength λSTED. By placing sharp fluorescence
filters into the detection pathway, those photons from the stimulated deexcitation at the
red end of the emission spectrum are rejected.
In the experiment one has to bear in mind that the photophysical processes on the

molecular level are much more complex than they are in a simple two-state system.
Not only that the switching process is generally not describable as simply exponential.
Moreover, especially under high beam intensities, additional processes of higher order or
destructive photo-bleaching are getting more likely.
The best performance of such a minimized excitation spot in the experiment was

treated theoretically by Keller et al [100]. A ring- or donut-shaped focus of the switching
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2 Theoretical Background

Figure 2.5: Left: Occupation probability of the two states A (red) and B (blue) in depen-
dence on the applied intensities for stimulated transition form A→B. At zero
illumination intensity all molecules are in the bright state A, with increasing
intensity state B is populated and state A is depopulated. The intensity at
which both states are equally populated is defined as the saturation intensity
I0. Right: Effect of the intensity of structured depletion light (red) with a
zero in the center on the emitted fluorescence. The detected fluorescence spot
(blue area) gets subsequently smaller.

beam overlapping the roundish excitation beam is the most efficient approach. This is
illustrated in Fig. 2.4, B. Molecules or tiny objects at distances < λ/ (2n sinα) can be
resolved by scanning the combination of the excitation beam and the intensity zeros -and
therefore the small effective excitation PSF- across them.
The successful resolution enhancement by RESOLFT is subject to several conditions.

First of all, it is necessary that the switching process is optically saturable, which means
that by applying a sufficient high laser intensity (almost) all molecules are switched. In
contrast to what is observed at low switching intensities where the behavior is linear,
the relative number of switched molecules in dependence on the applied intensity of the
switching beam has to vary. This non-linear behavior, which is compulsory to saturate
the transition between the two states, is illustrated in Fig. 2.5.
The saturation is mathematically indicated by the depletion factor η(ISTED). It is the

ratio of the number of molecules in the on-state A after employing a depletion beam with
the power ISTED NA(ISTED) and the number of molecules in A without a depletion beam
NA(0):

η(ISTED) = NA(ISTED)/NA(0). (2.8)

Hence the initial excited population is reduced by the factor of η. In some context
the depletion probability or saturation function is used, which is given by (1− η). The
intensity, at which 50% of the molecules are switched and an equal number of molecules
initially excited is in states A and B respectively, is called saturation intensity Isat with
η(Isat) = 0.5.
Assuming a simplified exponential relation between the switching intensity Iswitch and

the number of molecules in the on state NA, the achievable resolution by RESOLFT is
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2.2 High resolution fluorescence microscopy

described by eqn. 2.9.

∆x,∆y ≈ 0.61
λ

2n · sinα ·
√

1 + aIswitch/Isat
. (2.9)

The variable a denotes the geometry of the intensity distribution around its central
minimum of the switching beam [58, 68]. It turns out that for an arbitrary high switching
intensity Iswitch, an infinitesimal resolution is achievable, as long as the switched marker
is small enough and photobleaching is not an issue.
Though the excitation PSF is not diffraction limited anymore, the detection still is.

To enable a feasible SNR, every marker molecule is questioned several times. Thus,
the switching process has to be reversible. Anyway, in contrast to the A→B transition,
the reverse process does not need to be optically induceable, but can be spontaneous,
thermally or chemically driven.
Further, it is important to account the processes of stimulated and spontaneous emis-

sion as competing during the STED-process. This implies that primarily a sufficient long
lifetime of S1 (typically τf = 1− 5 ns) is required. For a resolution enhancement, the off-
switching has to be performed before the spontaneous emission process sets in. In other
words, the rate constant kSTED for stimulated emission, defined as kSTED = σSTED·ISTED,
where σSTED is the interaction crossection and ISTED the intensity of the STED beam,
has to be significantly higher than the rate constant kf for spontaneous emission.
Second a fast degradation of Svib

0 within picoseconds is mandatory. Would the off-
switched molecules stay on a vibronical excited level Svib

0 , a reexcitation by the intense
STED-beam would prevent the effective depopulation of the S1 state and therefore the
off-switching. Besides, if the intensity of the excitation beam is not sufficiently high
to depopulate the ground-state effectively, reexcitation still becomes a problem. The
amount of molecules populating the higher vibronic levels of the ground-state due to the
Boltzmann distribution is negligible at room temperature (∼ 298K).
Third the intensity of the STED light has to be high enough to perform an effective fluo-

rescence inhibition. For λSTED ' 600 nm, the latter has to adapt values ≫ 33MW/cm2,
typically in the range of GW/cm2.
A lot of impressive progress in the lateral resolution enhancement has been made. This

includes the use of continuous wave (CW) lasers in contrast to pulsed ones, which are
available for many more colors [182]. Additionally, STED was shown to be compatible
with multi-color- [26] and life-cell- [64] schemes.
But in general, any two-state system can used for resolution enhancement via RESOLFT

as long as the switching process is optically saturable and reversible and as long as the
on-state is detectable. Apart from STED, it has successfully been applied in GSD mi-
croscopy, where the off-sate is represented by the triplet state of a molecule, and with
photoswitchable dyes and proteins [83, 18, 151, 163, 3]. In case of the latter, isomerisation
reactions of the chromophores of photoswitchable FPs or dyes are drawn.
Due to the comparably long lifetime of either the triplet or the isomerisation state,

essentially less laser power needs to be employed in comparison to STED microscopy. Ow-
ing to the low switching intensities required, the method were implemented in widefield
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setups for fast image acquisition. Problematic are on the other hand the low fluorescent
quantum yield of FPs and their sensitivity to destructive photoreactions, even at low
laser intensities.
Some related methods to the RESOLFT concept are saturated structured illumination

microscopy (SSIM) and saturated pattern excitation microscopy (SPEM), although they
do not employ the characteristic donut shaped switching pattern described above [65,
55]. Both techniques use a wide-field scanning setup that is highly parallelized. By
creating a standing wave interference pattern of the excitation light, intensity maxima and
minima are induced. Shifting these line-shaped zeros through the sample stepwise and
sequentially reading out the fluorescence with a camera after every single step produces
a one-directional high resolution image. Tilting the sample covers all directions in the
focal plane, but subsequent mathematical analysis is strongly required. However, the
combination of spectral precision distance microscopy/spectral position determination
microscopy (SPDM) and spatially modulated illumination (SMI) was reported to give a
single molecular resolution as well [111].

2.2.1.2 Fluorescence nanoscopy by stochastic methods

Theoretically, for sparsely enough labeled structures (with an intermolecular distance
< 200 nm), a molecular localization on the nanoscale can be achieved by rather simple
optical methods, assuming that the single fluorescent label emits enough photons. In
fact, most interesting structures if efficiently labeled are more dense. In stochastic high
resolution methods, a fine object is obtained by stochastic on-switching of only a small
fraction of the labels originally residing in the off-state. The on-state of the labels can
either be induced by absorption of a photon (photoactivation in PALM [75], STORM
[144], dSTORM [63], FPALM [95], PALMIRA [31, 14]) or by spontaneous relaxation from
an optically created non-fluorescent off-state like the triplet state (GSDIM [38, 162]). As
long as a certain amount of m detectable photons is emitted through repeated excitation
from a single label before it returns to an off-state and as long as the molecules in the on-
state are at least > λ/ (2n sinα) apart from each other, many individual molecules can
be localized simultaneously as single diffraction spots on a camera. Centroid calculations
on the frames of several consecutive switching cycles renders a considerable number of
localized molecules, where center positions finally form the image. As the precision varies
statistically with m in terms of λ/

[
(2n sinα)m1/2

]
, a brightness threshold M ≤ m is

defined to reduce the background artifacts and at the same time enhance the average
resolution. In the case of no background, M = m can be assumed, which gives the
highest possible resolution. In fact, with sophisticated setups a resolution of up to 20 nm
in all three dimensions and with up to three different colors has been shown so far [154].
Stochastic methods are in general working with low switching intensities, going along
with a linear excitation behavior, and without the need of many switching cycles per
emitter.
Still, and against various claims, the emission of m photons cannot be expected to be

linear, and thus stochastic methods are as well working with non-linear effects.
Apart from ultra fast cameras ( 500Hz frame rate) and fluorophores that ensure large
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2.2 High resolution fluorescence microscopy

values of m per switching cycle, for two dimensional imaging no sophisticated setup is
required. In special cases the system is even reduced to a single needed laser and an
independently running camera (GSDIM, PALMIRA). Therefore, although mathematical
data analysis is mandatory and the selection of the switching intensity needs careful
consideration -high intensities produce too many molecules in the on-state, while low
intensities slow down the acquisition time- stochastic methods seem to be the technically
simplest far-field nanoscopic methods.
However, STORM imaging works with organic fluorophores, which are not membrane-

permeable, and is hence limited to few applications, especially in terms of life cell imaging.
For PALM, which in contrast to STORM was shown to work with fluorescent proteins,

the low illumination intensities enable imaging within a living cell. However, high reso-
lution of dim structures comes with a long acquisition times and thus fast processes in
living specimen are not accessible.
As a conclusive remark, it is worth to mention that a more effective spatial resolution

calls for a coincidental more effective labeling, which is particularly relevant in biological
applications. This has been formulated by Shroff and coworkers in analogy to the Nyquist
criterion [35]. The distance between two labeled molecules must be smaller than half of
the desired spatial resolution to obtain an integrated image. If the resolution achieves
a value of 5 nm for instance, the two labels should be as close as 2 nm. This demand is
not combinable with the bulkiness and the weak affinity of most common antibodies and
therefore poses new challenges for biologists and chemists in terms of labeling strategies.

2.2.2 The axial direction

2.2.2.1 Optical sectioning methods

Achieving an improvement in the axial resolution of optical far-field microscopes has for a
long time been a challenge. According to Abbe’s prediction, it has always been the weaker
point with respect to the investigation of three dimensional samples. Thus, several optical
concepts aiming at a refined axial resolution, have been established: confocal microscopy,
multiphoton microscopy, TIRF microscopy, 4Pi-microscopy and I5-microscopy. They are
commonly referred to as optical sectioning methods and outline in the following Sub-
sections. Still, achieving an axial resolution below 100 nm was for a long time hardly
possible.

Multiphoton microscopy The most common mode of multiphoton-microscopy is two-
photon microscopy. It was predicted in 1931, but not successfully applied before 1962 and
uses the non-linear effect of simultaneous absorption of two photons [23]. The concept
is based on the idea that two combined photons, each of them having half the energy
required for excitation, can excite a fluorophore, resulting in the emission of a fluorescence
photon (see term scheme in Fig. 2.6, A). Therefore, the probability of effective absorption
depends on the square of the intensity of the incoming light and as a consequence a
confined excitation PSF is created. The used infrared light is much less affected by
scattering and enables a penetration depth of up to 100µm into cellular tissue which is
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Figure 2.6: Optical sectioning approaches. A: Scheme of two-photon-excitation. The
excitation light has about twice the wavelength of the fluorescence light. B:
TIRF-microscopy. Focusing the excitation light at a high angle onto the
sample surface yields an evanescent field (green). Fluorescence excitation is
limited to this volume. C: Setup of a confocal type C 4Pi microscope with
two opposing lenses. The effective imaging PSF is also shown. D: Setup of a
widefield I5 microscope with two opposing lenses; the effective imaging PSF
is shown. D and C are adapted from [13].

beneficial in many biological applications. However, the size of the excitation spot is not
decreased to the longer wavelength of the light.
Thus, the major weight is not on a resolution refinement with regard to the focal

volume, but on the induction of focal planes at large distances from the sample surface.
In addition, while little photobleaching is observed in the out-of focus region, the required
light intensities in the focal spot are even more destructive.
However, since two-photon microscopy is nicely compatible with life-cell imaging, it

has become quite popular.

TIRF microscopy Total internal reflection (fluorescence) microscopy (TIRFM) is, in
contrast to two-photon-microscopy, only suited for studies on the direct periphery of the
coverslip. Moving the investigated layer along the optical axis through the sample is not
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2.2 High resolution fluorescence microscopy

possible. The working principle of a TIRF microscope is sketched in Fig. 2.6, B. The
sample interface is illuminated at a high incident angle such that total reflection occurs.
This establishes an evanescent light field at the sample’s surface. The penetration depth
of the evanescent field is restricted to about 100 nm, and thus only molecules located in
a very thin layer close to the coverslip are illuminated and detected. At a larger distance
(more than 100 nm) the intensity of the excitation light is negligible which excludes
distracting fluorescence signal from deeper layers of the sample [4].
Clearly, the restricted imaging depth is the severest disadvantage of the technique.

However, in biology, it is often used to study processes related to the plasma membrane
of fixed and living cells.

4Pi microscopy In 4Pi microscopy the axial resolution of a scanning microscope can
be improved by a factor of 3 − 7 with two opposing lenses of high numerical aperture.
A typical 4Pi-setup is illustrated in Fig. 2.6, C. At the common focal point of the lenses
the two counterpropagating spherical wavefronts of the excitation light are coherently
summed. The same applies to the wavefronts of the emitted fluorescence light on the
detector. Consequently, the observation angle of previously ∼ 73◦ is enhanced. In
other words an essential expansion of the aperture solid angle is created. Additional
mathematical deconvolution of the data might be either optional or mandatory [66, 12].
However, as the sample is placed between the two opposing lenses which both have

a certain working distance, 4Pi microscopy is restricted to samples which are less than
200µm thick.
A combination of 4Pi microscopy with two-photon excitation was also reported [47].

I5-microscopy Incoherent illumination imaging microscopy (I5M) uses as well as in
4Pi-microscopy two opposing objectives, but is a widefield technique. An I5M setup
is sketched in Fig. 2.6, D. A simple fluorescence lamp is employed for coherent Köhler
illumination through both lenses, yielding a standing wave. By separated interference
effect of the excitation and the detection light, the signal from an object is enhanced,
while the one from its periphery is extinguished. A seven-fold resolution enhancement
was reported this way. However, in I5 microscopy, mathematical deconvolution can not
be circumvented [56].
A closely related technique is I5S microscopy , where the I5 microscopy is combined

with structured illumination microscopy to enhance the lateral resolution as well. The
achieved resolution was reported to be 100 nm in all three dimensions [152].

With the further refinement of the lateral resolution in optical microscopes, also the ef-
forts on the axial resolution experienced further stimuli. A combination of these new
methods with the reported optical sectioning concepts is more than evident. In conse-
quence, several more or less sophisticated approaches have recently been reported, partly
reliant on subsequent mathematical reconstruction algorithms. In addition, some new
concepts came up which basically achieve a resolution enhancement by further refine-
ment of either the excitation or, more common, the detection light. The complexity of
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these methods increases with the achieved resolution. A brief overview is given in the
following.

2.2.2.2 Optical sectioning and high resolution microscopy

Axial STED microscopy The concept of RESOLFT has been shown to work in the axial
direction as well To this end, instead of a lateral donut shaped STED beam, an axial
depletion pattern is generated. This way the fluorescence light from the upper and lower
parts of the confocal excitation focus is depleted. The axially reduced excitation PSF
can be scanned three dimensionally through the sample, resulting in an axial resolution
of 80 nm. Meanwhile, the detection in the lateral direction is still mostly diffraction
limited. Subsequent acquisition of an additional scan of the sample with a laterally
reduced focus would in the end enable a three dimensional high resolution image, but
was so far hindered by photobleaching. [59, 64].

4Pi-STED microscopy 4Pi-STED microscopy combines the concepts of 4Pi-microscopy
and STED microscopy. A 4Pi- setup with two opposing objectives is to this end used.
While the excitation and detection is performed through one lens only, the depletion
pattern is generated by counterpropagating, aberrated wavefronts focused through both
lenses. Scanning is performed by moving the sample through the refined excitation spot.
This ended up in an axial resolution of about 33 nm and was in this respect path breaking
[28, 29].

iso-STED microscopy A further advancement of 4Pi-STED microscopy is the concept
of isoSTED [147, 170]. Again, two opposing objectives are used in the setup. In contrast
to 4Pi-STED microscopy, not only the STED pattern, but also the excitation and the
detection are performed through both lenses. This results in an effective spherical nano-
sized excitation spot with a diameter of 45 nm. Thus, a resolution enhancement down
to the nanoscale is demonstrated simultaneously for all three spatial directions. Since it
is a noninvasive approach, it is potentially combinable with life-cell-imaging. However,
the method requires high laser intensities which are applied to the sample. Therefore,
up to now photobleaching in the peripheral layers of the focus severely limits the entire
investigation of a structure.

2-Photon-STED microscopy Recently a combination of STED microscopy with two-
photon excitation was reported [129]. The achieved lateral resolution is about 30 % poorer
than for other STED methods. This is because the long wavelength of the excitation
light cannot fully be compensated by the reduced focal spot size of a two-photon setup.
Thus for fluorescent beads the declared resolution was about 50 nm laterally.
As typical for multiphoton approaches, the axial resolution is mainly refined in terms

of the penetration depth into moderately scattering tissue than by a refinement of the
focal spot. This enables the addressing of deeper layers of a three dimensional sample as
it would be possible for single-photon excitation concepts.
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2.2 High resolution fluorescence microscopy

PALM and STORM Since the PALM and STORM concepts use widefield setups, the
axial resolution is intrinsically expected to be quite poor. This is the reason why the first
reported setup in either technique was a TIRF setup.
For the concept of STORM fluorescently labeled DNA fragments on a coverslip were

used to first demonstrate a resolution in the range of 40 nm laterally [144]. In contrast,
PALM imaging was performed either in the very periphery of a whole cell or on thin cryo-
sections, resulting in a lateral resolution of about 25 nm [11]. For the latter fluorescent
proteins were used as markers, while STORM utilized organic switchable fluorophores.
In both cases the axial resolution was limited by the evanescent field of the excitation
light.
Still, the omnipresent requirement of a refined axial resolution stimulated the invention

of several more advanced concepts. Most of them rely on sophisticated refinements of the
detection pathway, but sometimes also the excitation pattern is specifically engineered.
However, none of them performs without subsequent computational image formation.

2-Photon PALM A combination of two-photon-excitation with PALM enabled to image
fluorescent molecules up to 100µm deep in 400µm thick tissue slices. Simultaneously, in
the lateral direction, a resolution of 50 nm was achieved by the PALM mode [173].
A similar approach using continuous wave (CW) lasers in contrast to the normally ap-

plied high pulse rate lasers and photoswitchable rhodamines reported a lateral resolution
of 15 nm in the focal plane, which was generated by two photon excitation [37].

Biplane FPALM In biplane (BP) FPALM, a normal PALM setup with a modified de-
tection path, which allows for simultaneous detection from two axially separated object
planes, is applied. The signal from the two recorded regions of interest can be com-
bined into a 3D raw data stack consisting of two planes. This is sufficient to localize
single particle which have a sparse distribution and are closely located to one of the two
planes. The observed resolution was 20 nm in the lateral and 70 nm in the axial direction
respectively [95].

3D-STORM With 3D-STORM an enhanced axial resolution down to 20 nm is gener-
ated by using astigmatism [86]. A cylindrical lens is introduced into the detection path
to create a different focus in the x- and y-direction respectively, such that the image of a
molecule appears elliptical. This ellipticity varies with the z position of the molecule. By
subsequently applying a mathematical image reconstruction, this variation can be used
to derive the value of z with high precision. Imaging is performed by shifting the focal
plane along the optical axis. The lateral resolution was as well reported to be 20 nm.

3D-PALM This approach generates a three-dimensional resolution by sophisticated
shaping of the excitation pattern. Using a double-helical PSF for example resulted in
a resolution below 20 nm. The PSF has two dominant lobes in the image plane whose
angular orientation rotates with the axial (z) position of the emitter. Finding the center
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of these lobes enabled the precise localization of the emitter in a sample up to 2µm thick
[134].

iPALM In interferometry (iPALM) a complex multiphase interferometric setup is ap-
plied to perform PALM imaging. The reported resolution on thick samples was declared
to be below 20 nm in all three dimensions. Similar as in 4Pi and I5 microscopy, two
opposing lenses are used for the detection of fluorescence events. Thus, an emitted pho-
ton can simultaneously travel along two distinct optical paths, which are subsequently
recombined, so that the photon interferes with itself. This is used to recalculate the
original localization of the photo-event [154].

2.2.2.3 Mechanical sectioning

Although an optically performed axial resolution of up to 20 nm is not utopistic anymore,
all optical concepts suffer from a major drawback. Due to scattering and aberrational
effects they are severely restricted by the penetration depth of visible and infrared light,
in particular when thick, inhomogeneous samples like tissue blocks are to be observed.
This calls for another kind of resolution refinement which is not directly related to the
focal spot size.
To a certain extent, semi-thick mechanical sectioning to a thickness of several microm-

eters addresses this problem. It is quite convenient because it works without embedding
the sample into a plastic block or freezing it and was also shown to be combinable with
life cell imaging.
In contrast, mechanical ultrathin sectioning of specimen to a thickness of several tens of

nanometers was by default only used for transmission electron microscopy. It is manda-
tory there because the penetration depth of an electron beam is even more restricted than
that of a light beam. For optical microscopy this has been only rarely applied [123, 117].
However, mechanical ultrathin sectioning generates a resolution refinement on two

counts: It reduces the fluorescent volume within the optical focus, which can be inter-
preted as an effectively reduced axial focus. In addition it enables the wholistic access
to an arbitrary thick sample with high resolution. In this regard, at the current point
of research optical sectioning methods can not compete with the mechanical ultrathin
sectioning.
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2.3 The mechanical sectioning approach

2.3.1 Ultramicrotomy

In the early 19th century studies of natural tissue were facilitated and improved due to
the advances in the construction of light microscopes. Still, the constitution of a three
dimensional object was not truly accessible without looking at its interior. therefore,
anatomists and microscopists started to cut their samples into thin sections using razor
blades. Unfortunately this was not always sufficient to get a good transmission of light
under the microscope.
One initial idea to overcome this problem was to squeeze the thinness of the sections

further which was of course not very conducive for structural investigation [139]. A
fundamental improvement of mechanical sectioning was done by Wilhelm His in 1865
[80], who refined the microtome, a precise cutting equipment first described in 1770 by
Hill [77]. In fact the true father of the cutting tool is hardly under discussion, since
the name “microtome” was not created before 1839 and several other names like “cutting
engine” were used in various contexts as well [87].
Particularly due to the enormous contemporaneous progress in the field of optical

microscopy in central Europe, a lot of improvements of the device followed, including
variations concerning the knife and its angle and the operating mode as well as improve-
ments in the sample preparation itself. Already at the end of the 19th century, this
interplay lead to a resolution which was about one magnitude higher [120].
During the next century, light microscopists searched mainly for optical approaches

to overcome the axial resolution problem. An overview has been given in the previous
Chapter. Further approaches based on mechanical sectioning were quite sporadic [123,
125].
Else it was in electron microscopy and particularly in transmission electron microscopy

(TEM) which was developed in the early 1930s [105]. To obtain a resolution on the
molecular scale (or even up to 0.1 nm), an electron beam is focused onto the sample
instead of light. Like all matter, electrons have both wave and particle properties (as
theorized by de Broglie [19]). Their wave-like properties mean that a beam of electrons
can be made to behave like a beam of electromagnetic radiation. The electrons are very
sensitively scattered by any atom, whereupon proton-dense nuclei with a high atomic
number scatter the electrons most. This is also why working under vacuum conditions
is essential. The direct observation of the refocused and magnified electron beam on an
imaging device, such as a fluorescent screen, a layer of photographic film, or a sensor (e.g.
a CCD camera) yields a TEM image where proton-dense structures become visible. To
get a good imaging contrast, appropriate samples have a thickness that is comparable to
the mean free path of the electrons traveling through the sample, virtually a few tens of
nanometers in case of high quality samples.
Several advanced methods exalt the image quality in terms of contrast for certain

applications, like diffraction, electron energy loss (EELS) [78] or phase contrast imaging.
Still, controlling an electron beam in a microscope is more demanding than it is for
a beam of light. therefore„ technological changes on the setup aiming for an improved
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(axial) resolution are less accessible and thus not promising. Hence, for biological samples
which have a quite uniform and dense distribution of atoms with similar atomic numbers,
it is particularly mandatory to have a certain thinness. This is still despite the fact that
membrane staining with heavy metals, e.g. lead acetate or uranyl acetate, might visualize
a variety of cellular components and enhance the imaging contrast [175, 157, 108].
All the more, cutting material into precise ultrathin sections posed and still poses a

challenge, especially for soft biological material. The earlier microtomes were improved
upon further and the first so called ultramicrotome was presented in 1951 by Porter and
Blum[106].

sample

diamnond knife

water bath

moving arm

Figure 2.7: Picture of a microtome. The trimmed samples are placed onto a moving arm,
that performs a circular movement, passing the diamond knife once during
each cycle. The diamond knife is equipped with a waterbath to collect the
slices.

Ultramicrotomes are in general based on a so called rotational working mode, where
a diamond knife is stepwise moved towards a rotating arm by a (thermally) precisely
controlled header. The previously trimmed sample with a front-area of about 1− 4mm2

is fixed on this arm, passing the knife after each rotation. A picture of a microtome unit
is shown in Fig. 2.7. Nowadays uniform ultrathin sections of 10 nm to 500 nm thickness
are reliably obtained. However, the most accurate sectioning can be achieved with the
recently introduced ultrasonic diamond knives. These knives perform a lateral movement
during the sectioning of a sample, similar to cutting bread. The moving speed can be
adapted to the sample. Thus, even softer polymer blocks can be easily sectioned without
squeezing the sample and deforming the section. However, ultrathin sectioning with least
possible structural disruption unambiguously requires hard samples.
For performing the cutting process at room temperature, embedding the sample into a

plastic block is the preferred method. Nowadays this approach is complemented by cryo-
microtomy at low temperatures, where the demanded hardness is achieved by freezing
the sample.
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Despite the fact that one or the other sectioning method has to be balanced and
also, that one might still come across analogical difficulties and drawbacks, investigating
ultrathin sections with new high resolution light microscopes is rather obvious. This is
for two reasons: First, new limitation were revealed for the imaging of dense structures,
which had at a poorer resolution so far been dwarfed by a blurred spot. Second, offering
a nanoscopic resolution by light microscopy paves the way for numerous studies which
were so far dependent on electron-microscopic investigation. Additionally, the labeling
advantages in light microscopy even broaden the spectrum of possibilities in research.

2.3.1.1 Ultramicrotomy at room temperature

Cutting ultrathin sections at room temperature is the older and less sophisticated ap-
proach. It strictly presupposes the embedding of the sample into a plastic block, which is
hard enough for ultrathin sectioning. The workflow for the preparation of a resin embed-
ded samples is illustrated in Fig. 2.8. The embedding process consists of the infiltration
with the monomer solution and the hardening reaction itself. Depending on the polymer
type, this is preceded by a stepwise replacement of the aqueous solution with an organic
solvent. After the polymerization of the plastic in an adequate mold, the block is at the
site of the sample trimmed to a small surface, normally a few square millimeters.

a b c d

e f g

Figure 2.8: Workflow for utramicrotomy at room temperature: (a) cultured, fixed sam-
ples are infiltrated with the monomer solution (b); (c) polymerization of the
resin block in a suitable mold; (d) detaching of the polymer block with the
embedded sample from the coverslip and mold (by either liquid nitrogen or
hydrofluoric acid); (e) trimming of the block surface; (f) ultrathin section-
ing with an ultramicrotome; (g) investigation of the individual (randomly
orientated) sections.

At the ultramicrotome, the diamond-knife used to cut the sample is equipped with a
water bath. The water is directly attached to the knife-edge. This forces the cut sections
to slide directly onto the water surface. From here they can be fished out afterwards
with a wire-loop. This procedure has the advantage that the surface tension of the water
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stretches the sections and keeps them in good shape. Moreover, the sections stay together
at their edges, forming a band, which allows one to pick a small series of sections at once.
Resin embedding and cutting at room temperature has some advantages over cryo-

methods. At the site of the sample it is not limited to a certain size, as long as a
thorough monomer-infiltration and complete polymerization is ensured. This makes any
part of an animal or plant accessible for high-resolution investigation by either optical or
electron-microscopic approaches.
In addition, it is particularly interesting for optical methods, since the labeling with

fluorescent dyes can be performed before the embedding. This holds for genetic encoding
methods with FP, as well as for immuno-staining of the fixed sample. If postembedding
staining with metal particles is necessary, the preservation of antigen sites gains impor-
tance. This competes with the chemical polymerization reaction, which might affect
them to a certain extent. Moreover in post-embedding methods, only the very outer of
the section is accessible for the staining target.
However, if a fluorescent label is added to the sample before embedding, it has to be

considered that the fluorophore itself is affected by the dehydration and polymerization
procedure.
Finally, ultrathin sectioning of resin embedded samples was recently shown to be au-

tomatable by Lichtman and coworkers. A large stack of sections is collected on a plastic
tape guided through the waterbath behind the knife instead of fishing them off the sur-
face by hand [61]. Room temperature cutting is less tricky than cryo-sectioning, but it
is still laborious. therefore„ without automation, the thickness of a serial stack of sec-
tions which can be cut is severely limited. Automatization the cutting paves the way to
larger tissue blocks or even whole organs, like e.g. brains, to be serially sectioned and
afterwards reconstructed.

2.3.1.2 Cryo-microtomy

A newer and more sophisticated idea for ultrathin cutting is to harden the sample by
freezing it. This implies that the cutting has to be performed at low temperature as
well. therefore„ a cryo-chamber cooled with liquid nitrogen is employed. This approach
is called cryo-microtomy [89].
Before freezing, the sample is infiltrated with an aqueous solution of sucrose. This

effectively prevents the formation of ice crystals during freezing and, with it, a potential
disruption of the sample [169]. As trimming the sample is not easily possible after freez-
ing, the sample has to be shaped beforehand. To make it more handy, it is additionally
sometimes embedded in gelatin or agarose.
As taking up the sections in a water-bath is not possible at low working temperatures,

the cut sections hang in the air. Taking them from the knife-edge is performed by
attaching a droplet of sucrose solution in a metal loop to them very face. This makes it
much harder to get the sections off well-preserved.
An additional problem of cryo-sectioning is the electrostatic loading during the cutting

process which makes the samples just fly off the knife from time to time.
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2.3 The mechanical sectioning approach

therefore, it is obvious that, in addition to the need of an advanced setup with a cryo-
chamber, the sectioning process is much more laborious. Obtaining even a small series
of sections of a sample needs a lot of training. In addition, the frozen sample as well as
the cut sections are more sensitive than are plastic blocks, which makes them harder to
store or handle.
However, the main advantage of cryo sectioning is that it works without an embedding

process. It has been observed that during cryo-sectioning much more epitopes are pre-
served for post-embedding antibody-staining, which is crucial for specific protein labeling
and imaging with TEM [115]. This is mainly because the amino-functions of the proteins
are not affected by any fixation or polymerization process.
In combination with newly established fixation methods like rapid or high pressure

freezing (HPF), which even works without chemical fixation with para-formaldehyde
(PFA) or glutaraldehyde (GA) in advance, freezing is nowadays the gentlest and most
structure-preservative way to get a sample ready for ultrathin-sectioning [27].
In any case, (shock-) freezing is limited to very thin (monolayer) samples, whereas

high-pressure freezing requires the samples to be housed in a 1 − 2mm-sized holding
chamber. Thus, larger volumes or even whole organs are not suited for freezing methods.

2.3.2 Embedding polymers

For the already discussed reasons, polymer embedding was chosen to enable the prepa-
ration of ultrathin sections for high-resolution light microscopy. The number of organic
polymers available on the market is nearly endless. This leads to the question which
polymers are suitable for ultrathin sectioning and at the same time for the embedding of
cellular structures [1].
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Figure 2.9: Functional groups in cellular tissue which can potentially react with the
starter molecules commonly used in polymerization reactions.

On the side of ultramicrotomy, the requirements are pretty simple. First, the resin has
to be hard enough to be sectioned ultrathin, but it must not be brittle. Soft plastics give
way to the knife and are if at all only suited for sections with a thickness in the range of
micrometers.
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Second, the monomers have to be small enough to penetrate the sample. If the struc-
ture is not thoroughly infiltrated, the polymerization will be incomplete which causes
damages during the sectioning procedure.
Thirdly, the polymerization should proceed with low shrinkage, or otherwise also the

structure to be observed will be squeezed.
The demands for cellular structures are a bit more strenuous. As the focus of inves-

tigation in high resolution methods is the ultrastructure of the sample, it ideally should
not be affected at all. But cellular tissue contains a lot of sensitive functional groups,
which are destroyed by the activated monomers or catalysts if the reaction conditions are
too harsh. The main functional groups, which are in this regard important are depicted
in Fig. 2.9. Since many of these side-groups have essential functions in the arrangement
of cellular components, for example, the folding of proteins or the DNA, it is obvious
that the reaction conditions should be as mild as possible. Ideally, the added monomers
carry more reactive functional sites, which in consequence preferably react in the poly-
merization process.
Certainly, the involvement of the biological structure can not be completely avoided,

especially, as a thorough through-out polymerization of the plastic is essential for ultra-
thin sectioning. To a certain extent, it can be protected by fixation with aldehydes which
react with amino- and hydroxy-functions, or other agents like OsO4 which react with C-
C-double bonds in the lipid membranes. The reaction of the fixation agents is much
more predictable. They form an even network around the original structures instead of
deforming them.
However, to a certain extent it is also useful if chemical bonds are formed between the

polymer and the cellular structure or, even better, the through the fixation constituted
network. This ensures that the cellular components are not washed out of a sections
after ultrathin cutting.

a       b        c       d 

a: Epon812
 
b: LRWhite

c: Unicryl
  
d: Nanoplast

Figure 2.10: Photo of four different common plastics used for ample embedding and sub-
sequent ultrathin sectioning.The color is indicating the different properties of
different resin classes. (a) epoxide resin; (b),(c) acrylate resins; (d) melamine
resin.

How much the cellular ultrastructure is finally manipulated by the polymerization
reaction depends is not only subject to the added chemicals, but also to the further
reaction conditions. Heating proteinogenic structures to temperature far higher than
60◦C will certainly result in their degeneration. Thus this is to be avoided. The same
holds for polymerization after UV light initialization, especially when the samples were
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2.3 The mechanical sectioning approach

pre-embedding stained. Intensive UV radiation often causes substantial photobleaching.
As cellular structures are normally in an aqueous environment, dehydration of the

sample is unfavorable. This is foremost because hydrophobic cellular components, for
instance lipid membranes, are washed out by organic solvents. In addition, FP lose
their fluorescence capability when the crystal water in their periphery is extracted and
therewith the hydrogen-bonding network is destroyed. Also the polymerization of many
monomers is interrupted when water is present. Thus, in a distinct experiment, it has
always to be considered to which extent the loss of water can be tolerated in favor of a
certain polymer.
Polymer embedding of biological samples is crucially important for TEM and hence

the development of suitable plastics is well-explored. Thus, a huge variety of products is
commercially available, although the exact composition is in most cases unknown to the
user. Figure 2.10 shows plastic blocks of four common embedding media, with different
properties, as can be clearly seen from their color.
Their classification is based on the chemical structure of the reacting monomers. The

main employed resin-classes are epoxide and methacrylate resins [53]. For reasons dis-
cussed later on, the melamine resins are to a less extent examined. The three classes are
briefly introduced in the following.

Epoxide resins Because of their extraordinary resistance to the electron beam and the
formation of extremely hard polymer blocks together with excellent cutting qualities,
epoxide resin are the most widely-used embedding media for electron microscopic appli-
cations. Well-known examples are Epon812 [118], Durcupan [160], Quetol [109], Spurr
[159] or Araldite [49, 48].
A simplified scheme of the reaction mechanism for the polymerization of epoxide resins

is given in Fig. 2.11. One typical monomeric component is the epoxide, in most cases
a glycidether or epichlorhydrine. The epoxide can be initialized to polymerize with
various substrates: amines, amides, polyamides or dicarboxylic anhydrides [138]. All
of these reactions are accelerated by heat. For biological samples the latter are used.
These anhydrides, so called hardeners, carry long organic (aliphatic or also aromatic)
side chains, which are decisive for the resulting polymer qualities.
The reaction mechanism between epoxides and anhydrides is quite complex. Simplified,

the anhydride is forced to open by a trace of water or an alcoholic hydroxy group.
Subsequently the half-ester thus formed reacts with the epoxide at the C-atom which
carry the positive partial charge. However, by varying the pH of the reaction mixture,
one can further tune the amount of ester- (basic conditions) over the amount of ether-
formation (acidic conditions).
The use of amines or amides as hardeners would result in epoxy-epoxy-reaction rather

than copolymerization with the hardener. This would prohibit the assembly of the hard-
ener side chains.
As mentioned previously, the constitution of these side chains is censorious for the

texture of the polymer [119]. In general, more unpolar and longer residues give a softer
polymer block than polarer or shorter ones. Moreover, if the side chains can at the reac-
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tive groups be further cross-linked with an epoxide or anhydride, this crosslinking would
also result in a harder block. For Epon812 for example a high fraction of dodecenylsuccini-
canhydride (DDSA) yields in a softer block than a high fraction of methylnadicanhydride
(MNA).
In addition to the hardener, an accelerator like tri-(Dimethylaminoethyl-)phenol (DMP-

30) or dibutylphtalate is sometimes added. The latter also prevents the epoxide-components
from crosslinking.
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Figure 2.11: Simplified reaction mechanism for epoxide resins. The inset shows the main
monomeric components, their reaction sites are indicated. R’ and R” are
organic side chains, with which the polymer qualities can be tuned.

The polymerization reaction already occurs at room temperature, but it is normally
initialized by heat, implying one to four days at 60◦C. As oxygen would immediately stop
the reaction, the polymerization must take place under exclusion of air in a tightly closed
embedding tube. The same is true for water. The sample has to be dehydrated completely
by a consecutive dilution series with an organic solvent like ethanol or acetone. Otherwise
the anhydridic hardener would be deactivated which prevents the polymerization of the
plastic.
Another drawback of epoxy resins is in most cases the high viscosity of the large

monomer molecules, especially at the hardener site. This makes a homogeneous infiltra-
tion of the sample quite laborious and again necessitates a dilution series with organic
solvents.
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2.3 The mechanical sectioning approach

Due to the high reactivity of the epoxide, the unpolymerized resins are in most cases
toxic and should be handled with great care. Above all, several of the additives are
known to be carcinogenic.

Acrylate resins Another prominent group of embedding media is represented by the
acrylate resins, e.g. LR White [187], LR Gold [121], Microbed [146], Unicryl [146],
Lowicryl [20]. Similar to the epoxide resins, they as well form a very hard polymer
block, but normally show a higher grade of shrinkage, and therefore, a worse structure
preservation. In addition, the acrylic resins are more sensitive to the electron beam.
The simplified reaction mechanism for the polymerization of acrylates is shown in

Fig. 2.12. Most acrylic polymers used in biological applications are in fact methyl-
methacrylates. The reaction of the acrylate moiety is an addition at the C-C-double bond.
This double bond reacts more readily than other C-C-double bonds, as the intermediate
compound (a charge or a radical in the α-position of the ester group) is stabilized by
mesomerism. This explains, why other C-C-double bonds of cellular components are
more inert.
The polymerization reaction is either initialized by heat (50− 60◦C) or by microwave

irradiation [79] or by radical starters. The latter sometimes require an activation by UV
light [97]. In contrast, polymerization under basic conditions is for the benefit of the bio-
logical tissue not examined. However, the presence of oxygen, at least if no accelerator is
present, is even more critical than it is for the epoxide resins. Even the wrong embedding
mold might function as a scavenger and interrupt the radicalic polymerization reaction.
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Figure 2.12: Reaction mechanism for the radical polymerization of acrylate resins. The
intermediate state is stabilized by mesomerism with the adjacent ester moi-
ety. The reactive double bond of the monomer is indicated in the inset. For
methyl-methacrylates R’ is methyl.

The different acrylate resins can be distinguished by the side chains, especially at the
ester function of the acrylate moiety. Furthermore, in some cases, additional cross linkers
are added to tune the probabilities of the polymer in a desired way. This is similar to
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2 Theoretical Background

what has been described for the epoxide resins.
Also, the reaction conditions have an influence on the qualities of the resulting block.

While heat polymerization damages most antigens and gives very hard blocks, chemically
catalyzed polymerization at low temperatures or under UV light gives softer blocks.
Commonly the monomers of acrylate resins have a low viscosity, which is beneficial for

the infiltration process. In contrast to the quite widely-used LR White, which already
freezes at −26◦C, Lowicryl resins stay handy even down to temperatures of −80◦C.
Clearly the compatibility with modern low temperature fixation and infiltration methods
that gain more and more importance makes the acrylate resins indispensable.
Especially for softer blocks of acrylate resins, the antigenicity is better preserved com-

pared to epoxide resin. On the one hand, this is because the antigens are easier accessible,
if the structure is less crosslinked. On the other hand, antigens do not contain as many
C-C-double bonds as they contain amino or hydroxy functions. therefore, they are less
involved in the polymerization reaction of the acrylate resins.
Over and above, the acrylic resins sometimes allow a small amount of water (less than

30 %) during the polymerization reaction. This might not also protect lipophilic compo-
nents from elution but is above all essential for preservation of proteinogenic fluorescence.
Besides, acrylic resins are in most cases transparent which make them more suitable

for correlative approaches with light microscopy.
However, if they are polymerized by chemical activation, previous heavy-metal staining

for electron microscopy would result in the production of extensive heat, which is highly
destructive to the cellular structure.
Acrylic resins are not toxic, but only harmful. Anyway, contact of the liquid with skin

and exposure to the vapors should be avoided to prevent allergenic reactions.

Melamine resins Melamine resins are very rarely used in sample preparation for elec-
tron microscopy, although they are highly resistant to the electron beam [186]. The
reason for this is obvious since the antigen preservation is very poor. Due to the mostly
required postembedding staining, the latter is in electron-microscopic methods essential
for protein specific investigations. The only melamine resin which has been reported with
regard to biological studies is Nanoplast [5, 41].
The main monomeric component is a melamine, to be exact hexamethylol-melamine-

ether (HMME), which is in the aqueous embedding solution partly hydrolyzed. Some-
times also a mixture of melamine itself with an aqueous solution of solid PFA is used.
Melamine resins polymerize under poly-condensation and are normally used without
co-polymerizers. There are also polymerization mixtures with further co-polymers avail-
able, but these have so far not been proven to be suitable for life-science application.
The mechanism of the poly-condensation is simplified depicted in Fig. 2.13.
The methylether functions, which are present in HMME or formed when melamine

is employed with PFA, condensate under acidic conditions (∼pH 4) at temperatures of
60◦C. This results in the formation of a polyether and a certain amount of water or
methanol. Normally p-toluolsulfonic acid is used as the acidic catalyst. It does not form
side products, as does for instance sulfuric acid. Increasing the pH yields softer blocks

28



2.3 The mechanical sectioning approach

with less crosslinking, which are not suitable for ultrathin sectioning. However, decreasing
the pH and inducing an all-over crosslinking at all ether-groups of the monomer makes
the polymer brittle.
Certainly, amino- and hydroxy-groups of the biological tissue are also involved in the

polymerization reaction. Thus the preservation of the antigenicity is even worse than it
is for the epoxide resins. This destruction increases with the lowering of the pH.
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Figure 2.13: Simplified mechanism for the polymerization of HMME under acidic condi-
tions. The methyl-ether is partly hydrolyzed in the aqueous reaction mix-
ture.

As well as the antigenicity, the preservation of proteinogenic fluorescence is destroyed.
This is because of the sensitivity of the chromophores to acidic conditions which induce
isomerisation reactions.
Nevertheless, for various reasons, the transparent melamine resins should be taken into

account as long as pre-embedding-staining is considered as an option. The monomers are
completely soluble in water and a dehydration procedure, which is required for almost
other resin classes, can be avoided completely.
However, the infiltration of biological samples lasts quite long, at least two days. In

addition, before polymerization, the samples have to be dried over silica gel. This is
performed at 40◦C for at least one day. The time span increases with the size of the
sample.
Still, melamine resins are comparably easy to handle because they are not sensitive to

oxygen during polymerization and, even more important, not toxic or harmful.
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3 Experiments and results

3.1 Embedding media for high-resolution light microscopy

Since ultra-microtomy is a common technique for sample preparation in transmission
electron microscopy, a number of embedding media, which in terms of their mechanical
and chemical properties have been proven to be compatible with biological samples, are
now commercially available. However, this does not necessarily mean that these are
equally applicable for high-resolution fluorescence techniques. In fact, here the optical
properties and their influence on the behavior of a fluorophore essentially govern their
suitability.
Still, certain demands on the embedding medium are the same for high resolution fluo-

rescence microscopy or electron microscopy. In terms of the mechanical properties, or in
other words a good cutting performance, the polymer should show a homogeneous hard-
ness. Brittleness has to be avoided to the benefit of a certain elasticity. Talking about
the chemical properties of a resin, it should polymerize uniformly and without heavily
affecting the fine structure of the sample. This includes that volume changes and shrink-
age during the reaction are highly objectionable. What is furthermore conducive is a low
viscosity of the monomeric compounds. Otherwise an even and rapid penetration into
the tissue or any other structure is hardly ensured. The latter would be accompanied by
irregular polymerization and bad sectioning qualities. Above all, especially for biological
experiments, it is advisable that the monomeric compounds are soluble in water or other
polar solvents to avoid as much elution of organic cell components as possible. Due to
the concerted mechanical and chemical demands on an embedding medium for biological
samples, it was advisable to resort to those which are already proven and well established
in the field of electron microscopy.
However, the optical properties available embedding media for electron-microscopic

application available embedding media are so far fairly unknown and thus will be outlined
in this Chapter. This includes the investigation of the intrinsic auto-fluorescence at
various excitation wavelengths and of the refractive index. Moreover, for several organic
dyes, the influence of polymer-embedding on the fluorescence behavior is exemplarily
tested.
Some other properties are more dependent on a certain experiment and thus not sys-

tematically evaluated. This is for example the resistance of the polymer against high
laser power, which is comparable with the resistance against the electron beam in EM.
The material’s stability is substantially influenced by the section thickness, the section
environment, and the laser wavelength. Several plastic media melt under the influence
of the laser irradiation or even explode after absorption of the STED beam. Thus their
suitability is highly dependent on the demands of a certain experiment.
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Another issue is the bleaching characteristics of a dye in a certain environment. Beside
the polymer type and the dye, further parameters like the cellular environment might
have substantial influence on it. Hence, it is only rudimentarily tested in advance and
with regard to a special application in detail in the appropriate Sections. This is also
the case for further fluorescence staining techniques and their compatibility with resin
embedding like staining with fluorescent proteins.

3.1.1 Auto-fluorescence of the polymers

Fluorescence microscopy on very tiny and often dim structures crucially depends on a
large signal-to-noise-ratio(SNR). This holds even more for stochastic methods like PALM
or STORM, which suffer more drastically from a background signal than STED does.
Consequently, a strong auto-fluorescence of the embedding medium, which directly sur-
rounds the structures, makes high-resolution imaging hard or even impossible. This
auto-fluorescence might be caused by either the excitation or the STED laser beam,
but in case of the latter it should be well cut off through appropriate filters. The auto-
fluorescence properties of several embedding media at various excitation wavelength shall
be investigated.

Methods

Fourteen commercially available embedding media were chosen and tested for their auto-
fluorescence properties: One melamine resin (Nanoplast), six epoxide resins (Araldite,
Durcupan, Epon812, Poly/Bed 812, Quetol 651, Spurr Low Viscosity (referred to as
Spurr)) and seven acrylic resins (Lowicryl K4M, Lowicryl K11M, Lowicryl H20M, LR
White, JB4, Unicryl, Microbed). To this end, each sample was polymerized between a
cavity-carrying microscope slide and a coverslip according to the specified polymeriza-
tion conditions. The detailed polymerization protocols are described in the Appendix.
This ensured a constant thickness and deviations of less than 10µm of all samples ex-
cept Nanoplast. Nanoplast, in contrast to all the others, depending on air contact for
drying and polymerization, was prepared as a thin droplet on a coverslip. Consequently,
Nanoplast layers were approximately twice as thick with a deviation of 50µm. Poly-
mer samples were put into a fluorescence spectrophotometer (Cary Eclipse Varian Inc.,
Palo Alto, CA, USA) and consecutively excited with light of three different wavelengths,
532 nm, 590 nm and 633 nm respectively. These wavelengths were chosen on the basis of
common STED excitation wavelengths. The fluorescence was measured in the range of
100 or 110 nm above the excitation wavelength, where it is most distracting for STED
imaging.

Results and discussion

Figure 3.1 shows the resulting fluorescence emission spectra. As the plots are color-coded
for the different resin classes, one observation is at first glance prominent: Epoxide resins
(plots shown in blue) show a comparably high fluorescence after excitation with any of
the applied wavelength. In contrast, the melamine resin Nanoplast (green plot) and all
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3.1 Embedding media for high-resolution light microscopy

acrylate resins (magenta plots) show only a negligible signal. The off-peak signals at
the beginning of the detection range of plot A (see inset in Fig. 3.1.1, A) are caused by
scattered excitation light, which was not perfectly blocked by the applied filters.
The origin of the fluorescence observed for all epoxide resins is not easy to interpret.

Raman scattering can be excluded to cause the signal, as small shifts in the excitation
wavelength (5 nm and 10 nm above and below the excitation light were tested respec-
tively for each measurement) are not accompanied by the identical shifts of the emission
maxima.
Furthermore, the fluorescence maxima of each resin alter after excitation with different

wavelength. As Kasha’s rule would otherwise be broken, there is no single transition
between two distinct states which can be assigend to the auto-fluorescence of each resin.
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Figure 3.1: Auto-fluorescence spectra from different embedding-media. Excitation wave-
length are 532 nm (A), 590 nm (B) and 633 nm (C). The small green box
shows an enlarged region of the fluorescence spectra at 532 nm. Plot col-
ors are chosen according to the different resin classes; blue: epoxide resins,
magenta: acrylic resins, green: melamine resins.

However, based on this findings, it can be generally stated that acrylic or melamine
resins are favorable in high-resolution fluorescence application. Anyway since in the
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final experiment only an ultrathin polymer section is supposed to be imaged, even the
auto-fluorescence from the epoxide resins is likely to compete with the signal of a bright
fluorescence label.

3.1.2 Refractive indices of the polymers

Microscope lenses are designed for a certain immersion medium with a specific refractive
index, e.g. water (n20D = 1.33), glycerol (n20D = 1.474) or immersion oil (n20D = 1.518). Any
deviation from this intended refractive index introduces optical aberrations which become
more pronounced as the thickness of the mismatching medium increases. As a result,
the focusing performance suffers and with that the resolution capabiliity of the system.
While glass coverslips, which are normally used as substrates for the biological samples,
are already considered in the design of the objective lens, the within the sample applied
mounting medium should be adapted in terms of the refractive index. An investigation
of a sample in aqueous solution for example should ideally be performed with a water
objective lens. In contrast, for an oil objective lens, mowiol n23D = 1.49 or 97 % 2, 2′-
thiodiethanol (TDE) n23D = 1.515 should be favored as mounting media [161].
However, resin sections are quite compact and thus hardly penetrated by any mounting

medium. Therefore it is desirable that the resin itself matches the refractive index of
the objective. To this end, the values of n20D are determined for the fourteen different
embedding media already used in the previous Section. Still, one should keep in mind
that the final aim is the investigation of ultrathin sections. Hence a certain mismatch in
the refractive index of a resin might be tolerable in the end. Moreover, the aberrational
effects which might occur can to a certain extent be corrected by subsequent calculations.

Methods

The fourteen embedding media were polymerized in thin layers of several hundred mi-
crometers thickness between Aclar film. Subsequently, they were investigated with an
Abbe refractometer using α-bromo-naphthalene as contact liquid to avoid a layer of air
in between the apparatus and the sample.

Results and discussion

Figure 3.2 shows the resulting values for the refractive indices of the different polymers.
All of them are quite high, so that oil objectives, which have the highest value for n20D
among the commonly applied objective lenses, are to be favored for the investigations of
ultrathin polymer sections .
Except for the epoxide resin Durcupan, with an n20D of 1.654, more or less all of them

were in a reasonable range for this purpose. Polybed, which is also an epoxide resin, even
exactly matches the value of immersion oil and would thus be favorable in this respect. In
contrast, the values for Araldite or the melamine resin Nanoplast diverge quite a lot and
are therefore marginal with regard to the application in optical high resolution methods.
However, while for acrylate resins the values are quite consistent, those for the epoxide

resins are distributed over a larger range. Thus it is hard to predict the value of n20D for
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Figure 3.2: Refractive indices of different embedding media. Spot colors indicate the
resin class of an individual substrate; blue: epoxide resin, magenta: acrylic
resins, green: melamine resins. For reference the refractive index of glass is
indicated by the red line.

a class of a certain resin. In any case, the in here described results have to be associated
to further properties of a certain resin if its suitability for optical microscopy is to be
rated.

3.1.3 Properties of fluorescent dyes in polymers

While working with fluorescence microscopy and STED microscopy in particular, one is
in most cases reliant on labeling the structure of interest with a fluorophore. In most
cases these are synthetic organic dyes. The most common way for selected labeling of
proteins is immuno-staining with specific antibodies which are on their part recognized
by secondary antibodies carrying one or several fluorophores. In electron microscopy
small metal particles, like silver or gold, are used as visible markers. As both the tissue
penetration and the cellular uptake of such toxic and comparably heavy particles are hin-
dered, a post-embedding staining of the single ultrathin sections is generally the method
of choice. Consequently, the preservation of proteinogenic epitopes during the polymer-
ization process of the embedding medium is essential for a subsequent recognition by
antibodies.
For fluorescence immuno-staining this is not compulsory, although sometimes advan-

tageous, when bulk tightly packed structures are not approachable by the voluminous
antibodies. In most cases, a much more efficient and unspoiled immuno-labeling can be
achieved by pre-embedding staining. This is in particular important for high resolution
methods where labeling artifacts are more likely to be revealed. In the fixed, but in other
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respect intact cell, a chemical masking or damaging of the epitopes by the polymer is
excluded and the epitopes have not been physically truncated by the sectioning itself.
Particularly for high-resolution imaging, where signals from single molecules can be read
out, such an effective labeling of the whole structure is essential. This on the other hand
requires the fact that not so much the epitopes, but the fluorescence of the marker is
left unaffected by the hardening process. Hence, an important issue is the compatibility
of the polymer and its hardening reaction with either the staining method or the herein
used fluorophore. Moreover, the changed environment of the fluorophore in a polymer
might either quench the fluorescence to a certain extent or cause shifts in the absorption
and emission spectra. Finally, variations in the fluorescence lifetime of a dye, especially
a reduction, are critical for STED imaging because this hinders an effective fluorescence
depletion by the STED beam.
The use of fluorescent proteins for labeling is in many cases an attractive alternative.

However, since there are only a few suitable ones for STED microscopy and as they
are especially sensitive to the embedding procedure, they are excluded from a general
screening at this point. Further staining methods are also not the subject of this study.
The less specific interactions of lipophilic membrane dyes or DNA intercalators are stable
in aqueous solution but easily disturbed by environmental changes that happen during
the infiltration procedure. The fact that not only the optical properties of the dye are
affected but also the specificity of the staining forecloses a general examination.
Consequently, the following Sub-section deals with the altered properties of organic

dyes after polymer embedding. In addition to the preservation of the fluorescence of
ten dyes, changes in the emission spectra of two different fluorophores, ATTO647N and
ATTO532, after polymer embedding are exemplarily discussed. Subsequently, the sensi-
tivity of the fluorescence lifetime of ATTO532 under different environments is also briefly
addressed.

Fluorescence preservation

Methods

Ten fluorescent organic dyes of different structural classes, which had been to a greater
or lesser extent successfully used for antibody staining and subsequent STED imaging,
were selected. These are ATTO532 (rhodamine derivative), Oregon Green488 (rhodamine
derivative), ATTO647N (carbopyronin derivative), Cy3 (cyanine derivative), 7-Diethyl-
amino-Coumarin (coumarin derivative), Dyomics V07-02060 (structure not published),
EosinY (rhodamine derivative), MR121 (oxazin derivative), Bodipy (boradiazaindacene
derivative) and Squaraine Rotaxane 3 (squarain derived rotaxane). A 1µM solution of the
dyes in DMSO was diluted in 1ml of the monomer mixture of each of the fourteen different
embedding media mentioned previously. All resins were thermally polymerized. As
described in Part 3.1.1 for the pure resins, the samples were polymerized between cavity-
carrying microscope slides and coverslips. Subsequently the fluorescence spectra for the
appropriate excitation wavelength and appropriate emission range (emission maximum
in water −10 nm to emission maximum in water +200 nm) of the single dyes were taken.
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3.1 Embedding media for high-resolution light microscopy

The step size was chosen to be 1 nm with a 5 nm wide excitation and emission slit, a
medium detector voltage and a dwell time of 0.1 s.

Results and discussion

Table (3.3) shows whether the fluorescence of a dye was successfully preserved in an
embedding medium or not. This rating was made according to Roose’s criterion [135] :
whenever the in the fluorescence spectrometer detected signal-to-noise-ratio ≥ 5, the
corresponding cell of the table was marked with “+”, otherwise with “-”. The values were
determined from the maximum and minimum values respectively detected within the
emission spectra. For better visualization, the number of dyes which maintained their
fluorescence in a certain embedding medium is shown in a bar plot.
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Figure 3.3: Table of different STED dyes plotted against different embedding media.
Whenever the SNR was observed to be ≥ 5 at the emission maximum of the
dye, it is assigned “+”, otherwise a “-”. Marks are color-coded according to the
different resin classes; blue: epoxide resins, green: melamine resins, magenta:
acrylic resins. A bargraph quantifies the number of detectable dyes in each
resin.

The most remarkable observation is that Nanoplast is the only resin in which all of
the dyes maintained a prominent characteristic fluorescence spectrum. Also, ∼ 40 %
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of the dyes embedded in acrylic resins remained fluorescent, while in epoxide resin the
fluorescence is rarely detectable. The Nanoplast samples were twice as thick compared
to all the other resins (see Part 3.1.1). This would explain a roughly twofold enhanced
fluorescence signal of all dyes. Still, the signals in Nanoplast were even more than twice as
high, so that the difference in the sample preparation can not exclusively be responsible
for the observations.
Several issues may contribute to the loss of fluorescence in epoxide and acrylic resins.

First, for the highly auto-fluorescent epoxide resins, the characteristic emission spectra
of the dyes might be overlapped by the background signal and is thus not detectable
anymore (compare Part 3.1.1). Second, the embedding medium might quench the fluo-
rescence signal of the dyes. The absorbed energy is released to the polymer as thermal
energy rather than under emission of a fluorescence photon. Third, the fluorescent dye
might have been partly or completely destroyed during the polymerization reaction. Al-
though the polymerization conditions were chosen to be as mild as possible, the chro-
mophoric π-electron system of a dye might have been affected. The application of UV
light was completely omitted, since this might have caused photo-bleaching of the dyes.
Which mechanism finally caused the loss of fluorescence in a specific case is not easily

accessible. But due to the lacking relevance in this context, it was not made a subject
of further investigations.

Spectral shifts after resin embedding Even if a preservation of the fluorescence is en-
sured for a certain dye, compared to an aqueous solution, shifts in its emission spectrum
might occur due to the environmental changes in a polymer. In fluorescence techniques
this could require an according adaption at the setup, e.g. a replacement of the fluores-
cence filters or, with respect to STED microscopy, a shift of the wavelength of the STED
beam.

Methods

To exemplarily test the changes in the fluorescence behavior of a dye after embed-
ding in different embedding media, the fluorescence spectra of two dyes, ATTO532 and
ATTO647N, were measured. The preparation of the samples and the parameters of the
measurement were identical to those in a previous section (Part 3.1.1).

Results and discussion

The resulting fluorescence spectra of ATTO532 and ATTO647N are shown in Fig. 3.4.
As reference the spectra of their aqueous solution are also plotted in black color.
For ATTO532 the fluorescence maximum λmax in water is at 552 nm, but this is shifted

after polymer embedding. It is remarkable that in epoxide resins the fluorescence maxi-
mum is persistently moved to longer wavelengths, whereas the largest shift occurred for
Quetol. In case of the latter, the maximum was at 570 nm. This is similar to the behavior
of the dye in less polar solvents like DMSO. Here, the fluorescence maximum is found
to be at 565 nm (spectrum not shown). As epoxide resins are known to be hydrophobic,
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Figure 3.4: Fluorescence spectra of two selected dyes embedded in different resins. Plot
colors indicate the according environment, the spectra was measured in; blue:
epoxide resins, magenta: acrylic resins, green: melamine resins, black: refer-
ence spectrum in water.

the bathochrome shift might in both cases be due to a stabilization of the S1 state of the
dye in an unpolar environment.
In contrast, for the less hydrophobic acrylic resins, the spectra are slightly shifted with

regard to the spectrum in water. Sometimes even a small blue shift occurs. This is
most distinct for LR White where λmax is found to be at 545 nm, accordant to a shift of
7 nm. Either a stabilization of the S0 state or a destabilization of the S1 state could be
responsible for this. Interestingly, the spectrum in Nanoplast is more or less identical to
that in water.
For ATTO647N it is slightly different. While the emission maximum in water is as-

signed to 669 nm, it is shifted to lower wavelength in all polymers. A stabilization of the
excited S1 thus does not occur. In contrast, either the S1 state is destabilized or the S0
state is stabilized. This seems to be even more the case the less polar the environment.
Therefore, the fluorescence maxima in epoxide resins differ more from the one in water,
than for acrylate or melamine resins. This is supported by the observations in unpolar
solvents. For DMSO, the shift is negligible. For the even less polar acetonitrile, a small
hypsochrome shift of 5 nm (λmax = 664 nm) is observed. The most pronounced shift is
again found in the epoxide resin Quetol with 17 nm.
The obtained results show that the spectral behavior of a dye is influenced by a certain

polymer environment, but not dramatically altered. Most of the observations are conform
within a certain resin class for a certain dye. In contrast, a transfer of the results for
a certain dye to it’s whole structutral class is hardly possible. Variations in the side
groups might rather cause significant changes in terms of molecular interaction with the
polymer.
With respect to STED microscopy, the shifts of the fluorescence emission maxima are

tolerable and will most likely not influence the successful application of any polymer em-
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bedded dye. Varying the wavelength of the STED beam might circumstantially improve
the resolution. Still, this has to be tested individually in each application because of
further influences by the local (cellular) environment.

Variations in the fluorescence lifetime after embedding With respect to application in
STED microscopy, the fluorescence lifetime of a dye is quite important. The shorter the
lifetime the less effective is the stimulated deexcitation from the S1 state by the STED
beam. Instead, more fluorophores have under the emission of a fluorescence photon
already returned to the ground state when the STED pulse arrives. Thus it has to be
tested what kind of influence a polymer embedding has on the fluorescence lifetime of a
dye.

Methods

To investigate the variation of the fluorescence lifetime of a dye, in this case ATTO532,
six different samples were prepared. A 1µM solution of the dye was prepared in the
pre-embedding solution of either Nanoplast or LR White and in water. The monomer
solutions were subsequently polymerized, in case of LRWhite in a covered cavity-carrying
slide, in case of Nanoplast as a droplet on a coverslip. Additionally three samples of PtK
cells cultured on coverslips were immunologically stained for β-tubulin. These samples
were accordingly embedded in LRWhite and Nanoplast respectively, or left in water. The
samples were investigated with a setup described elsewhere [46]. Briefly, the excitation of
the fluorophore was performed with a pulsed 80MHz laser diode at 532nm (PicoTA from
Picoquant, Germany) and the fluorescence decay was subsequently detected with a single
photon counting card (SPC730 Becker & Hickel, Germany) at five different locations
on each sample. The subsequent data analysis to obtain the fluorescence lifetime was
performed with the software LabVIEW (National instruments, Austin, Texas, USA).

Results and discussion

The resulting fluorescence lifetimes are visualized as a bargraph in Fig. 3.5. Generally, the
observed fluorescence lifetimes of ATTO532 vary substantially for the pure dye compared
to the case, when it is via immuno-staining attached to a cellular structure (in this case
β-tubulin). In a direct cellular environment the values for τfl are more than 2 ns smaller
in each case. This is true for the samples in aqueous solution as well as in a polymer.
However, if one compares the fluorescence lifetimes in aqueous solutions with those in

either LR White or Nanoplast, the fluorescence lifetimes are only slightly larger in the
latter cases (about 0.3 ns). This observations are conform for the pure dye as well as
for those where the dye was previously attached to β-tubulin and is irrespective of the
polymer.
In any case, the values fit the applied laser pulse ranges of a typical STED experiment.

As STED imaging has been successfully performed with ATTO532 in aqueous solutions,
a perturbing influence of the polymer embedding in one or the other resin is unlikely.
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Instead, the slightly longer lifetimes of the dye should induce an even better performance
after resin embedding.
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Figure 3.5: Fluorescence lifetime of ATTO532 in different environments: Water (light
gray), LR White (light magenta), Nanoplast (light green). The same mea-
surements were also performed with the dye attached to a cellular structure
(tubulin) in water (gray), LR White (magenta) and Nanoplast (green).

Photo-bleaching behavior after resin embedding

Methods

To test the influence of triplet quenchers on the bleaching behavior of fluorescent dyes in
Nanoplast, three different substances (mercaptoethylamine (MEA), [1, 4]-diazabicyclo-
[2.2.2]-octane (DABCO), n-phenylglycine (NPG)) were co-embedded in Nanoplast with
ATTO647N at various concentrations (1mM, 0.1mM, 0.01mM). The concentration
of ATTO647N was according to previous experiments 1µM. In addition, a 1µM of the
pure dye and a 1µM solution of ATTO647N covalently coupled to BSA were investigated.
Basically, the samples were prepared as described previously (see Section 3.1.1). Each
of the samples was investigated in a STED setup in detail described at the beginning
of the subsequent Chapter. An area of 3µm x 3 µm was scanned ten times with an
excitation beam power of 4.5µW. After each scan, another scan was performed with the
combination of both the excitation and the STED beams, while the STED power was
stepwise increased from 5mW to 50mW. The pixel size was chosen to be 100 nm, the
according pixel dwell time was 50µs. Afterwards the average fluorescence obtained from
the first and the last excitation scan were compared.

Results and discussion

As can be seen from the bargraph in Fig. 3.6, the bleaching rate of ATTO647N in
Nanoplast without any additives is quite high. After ten subsequent scans, only about
20 % of the fluorescence signal was left. The observed signal could be about twofold
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Figure 3.6: Fraction of the initial fluorescence observed after ten scnas on samples of
ATTO647N in Nanoplast. The pure dye (gray) is compared to the dye in the
presence of three triplet quenchers at various concentrations (blue) and the
dye covalently linked to BSA (magenta).

improved by the co-embedding of the triplet quenchers NPG and MEA in quite high
concentrations (1mM). In contrast, lower concentrations were in either case hardly
effective. For DABCO, which is another triplet quencher, no effect was observed.
However, the most promising results were obtained from the sample where the dye

is directly attached to BSA, which can be interpreted as a representative of cellular
structure. The fluorescence signal dropped only by about 25 % after ten subsequent
scans. Since the initial fluorescence intensity was about the same as for all the other
samples, this was not caused by a higher concentration of the dye.
Consequently, the photo-bleaching which is observed in a pure solution of the dye in

Nanoplast is much more effectively reduced in the proximity of the cellular environment
than by the co-embedding of additional anti-fading reagents. For the latter compa-
rably high concentrations would be necessary to observe the same resistance against
photo-bleaching. These are required to ensure that the fluorophore and the co-embedded
quencher are close enough to result in the desired effect. Hence, in future experiments,
where exclusively biological structures are investigated, the addition of triplet quenchers
to the resin solution was abandoned.

3.1.4 Conclusion

Based on the results presented in this Chapter no resin could be irrevocably excluded
from the application in high resolution light microscopy on ultrathin sections. However,
Nanoplast seems to have some advantageous qualities over other resins. It shows an
extremely low auto-fluorescence signal at different excitaiton wavelengths and moreover
does not affect the signal of all tested organic fluorophores. A minor drawback is the quite
high refractive index of the resin. But as the section thickness in the final experiment is
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3.1 Embedding media for high-resolution light microscopy

supposed to be only a fraction of the wavelength, this can be assumed to be negligible.
Still, ultrathin sections of either any acrylate or epoxide resin should not completely

be foreclosed from the application in optical high resolution methods. Due to their good
sectioning qualities or due to the labeling requirements of a certain experiment, it is in
some cases necessary to consider them. Again, the aim is the investigation of ultrathin
sections. Thus, for example, the auto-fluorescence signal from such a thin layer is highly
reduced and reasonably low compared to that from a bright fluorescent label. In addition,
one should always bear in mind that post-embedding labeling is always an alternative, if
the fluorescence of a dye is destroyed by the embedding process.
In any case, it is mandatory to directly test the perfomance of a dye in a certain

STED experiment. The direct environment, on which the cellular and the polymer
structures have a share, inpredictably influences its specific behavior. Especially the
shifts in the fluorescence maxima, but also the bleaching behavior need to be questioned
on an individual basis.
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3.2 STED nanoscopy on ultrathin sections

In this chapter, high-resolution imaging on ultrathin sections is shown exemplary on dif-
ferent samples. To validate the principle of STED on an immuno-stained, resin embedded
and ultrathin sectioned sample, the fluorescence depletion efficiency as a function of the
applied STED power is examined at first. Afterwards, the resolution capacity itself is
verified on STED images of biological structures using different STED setups working
with different fluorescent dyes. Moreover, the achieved resolution with resin embedded
and ultrathin sectioned samples is compared to the corresponding bulk samples to illus-
trate the beneficial effect of the additionally implemented subdiffractional resolution in
the axial direction. Finally, the capacity of the described mechanical approach is com-
pared with isoSTED microscopy, an all-optical approach to three-dimensional nanoscale
imaging.
For all experiments described in this Chapter, Nanoplast was applied as the polymer

resin. According to the outcome of the experiments described in Chapter 3.1, successful
high-resolution imaging is most likely achieved by using this plastic, not least since the
properties of fluorescent dyes are retained best in this medium.
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Figure 3.7: Schematic of a typical STED setup. The excitation and the pre-shaped STED
beam are superimposed and focused into the sample while being separated
from the detection light by dichroic mirrors. The two laser pulses are synchro-
nized and timed such that an excitation pulse is directly followed by a STED
pulse. The fluorescence is cleaned up by a bandpass filter and guided to the
detector, usually an avalanche photo diode. Stage scanning is performed by
moving the sample relative to the focus using a piezo scanner. The inset
shows a typical absorption and fluorescence spectrum of a dye, along with
the wavelength ranges for excitation, STED and detection light.
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3.2.1 Fluorescence inhibition on ultrathin sections

The principle of STED relies on the fact that a certain fraction of molecules, which
were initially excited by an excitation laser, can effectively be forced back into the non-
fluorescent ground state by inducing stimulated emission through the STED laser. Con-
sequently, assuming a donut-shaped PSF of the STED beam, only those molecules in
close proximity to the excitation center contribute to the detected fluorescence signal.
Therefore the focal volume of the effective PSF is reduced, subdiffraction imaging is
enabled. However, the indispensable condition for this mechanism is the fact that the
STED laser can efficiently turn excited fluorophores back into their non-fluorescent state.
The depletion factor η quantifies the probability of an excited molecule to fluoresce as
a function of the STED intensity. As the latter is increased, η converges towards zero.
The typical behavior of η is in this Section exemplarily shown for ATTO647N.

Methods

The immuno-stained samples were prepared as described in the Appendix.
A typical STED setup is shown in Fig. 3.7. The excitation and detection paths are

identical to those of a confocal setup. In this particular case ATTO647N has successfully
performed as the working-horse for this setup [58]. For ATTO647N, whose absorption and
emission spectra are shown together with the described laser wavelength in Fig. 3.7, inset,
a pulsed laser diode with λexc = 635 nm at a pulse length of 70 ps is used. The respective
STED beam is generated by a Titanium-Sapphire laser at a flexible wavelength, typically
λSTED = 760 nm for ATTO647N. Its pulse length is stretched to ∼ 300 ps (100 fs initially)
by dispersion in a polarization maintaining single mode fiber. The pulse is prestretched
by guiding the light first through about 1m of glass rods (SF6) in order to avoid nonlinear
effects in the fiber. To overlay the two laser pulses in time, a photodiode within the STED
laser serves as the trigger. The excitation pulse can be adjusted to the STED pulse in
time with an accuracy of approximately 10 ps by a delay unit.

A B

Figure 3.8: A: Profile of a polymer phase mask designed for beam shaping. B: Image and
line profile of a toroidal STED beam, in this case generated by a phase mask.

To generate the most efficient imaging mode, a donut-shaped STED beam with an in-
tensity zero in its center is co-localized with the excitation beam [149]. Thus, a wavefront
shaper in terms of a helical phase ramp extending from 0 to 2π is placed into the beam
path of a circular polarized beam. This phase ramp is a polymer layer with a thickness
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profile similar to that shown in Fig. 3.8, A. The beam profile of the resulting STED beam
is depicted in panel B. This profile is fabricated such that the maximal thickness of the
polymer corresponds to a phase retardation of 2π for the employed STED wavelength.
The occurrence of constructive and destructive interference finally creates a donut-shaped
beam profile in the focus. If no adequate phase ramp is available for a certain wavelength,
like for a STED wavelength of 600 nm used to deplete the fluorescence of ATTO532, the
beam shape can alternatively be induced with a spatial light modulator (SLM).
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Figure 3.9: Depletion factor η plotted against the intensity of the STED beam on sec-
tions of PtK cells in Nanoplast. Vimentin was labeled with ATTO647N,
section thickness 65 nm. The plot was measured with the diffraction limited
foci of the spatially overlapped excitation and STED beams. η is corrected
for occurring reexcitation. To demonstrate the corresponding resolution en-
hancement with STED, pictures of the same sample after applying a donut
shaped beam with an adapted intensity in the microscope aperture are shown
in a-e. Scale bar: 500 nm.

As the STED light spectrally overlaps with the fluorescence, a bandpass filter is needed
in the detection path to separate the fluorescence from the laser light. For the detection
of the single fluorescence photons, normally an avalanche photo diode (APD) is used.
The sample is moved by a piezo scanning stage, while the objective lens (OL, 100x, NA
40 oil immersion, PL APO, Leica Microsystems) is stationary.
To characterize the fluorescence depletion due to STED in ultrathin sections, the de-

pletion factor η of ATTO647N was measured at this setup. To determine the depletion
factor, a 3µm x 3 µm area of an immuno-stained sample was scanned with the pair of
excitation and STED beams (without a wavefront shaper) and subsequently with the
excitation beam and the STED beam only. In this experiment, the excitation power was
chosen to be 4.5µW with a step size of 20 nm and a pixel dwelltime of 50µs. For both
cases the overall fluorescence intensity was measured. The depletion factor was calcu-
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lated by dividing the fluorescence intensity in presence of the STED beam by the one
with excitation beam only. Afterwards, η was corrected for reexcitation by the STED
beam.

Results

The resulting plot of the depletion factor η against the corresponding STED intensity
ISTED is demonstrated in Fig. 3.9. The STED-induced transition from the on- to the
off-state can be effectively achieved at comparably low STED intensities. Moreover, the
transition is saturable and at STED intensities ISTED & 100MW/cm2, less than 4% of
the molecules still remain in the fluorescent on-state, while the majority was switched
back to the off-state.
To visualize the influence of the STED intensity on the fluorescence depletion efficiency,

although foreclosing the results of the upcoming paragraph, STED images for five differ-
ent values of ISTED marked in the plot (a-e) are shown as well. For these measurements
a donut shaped STED beam was employed. It is clearly obvious that the resolution
of cellular fibers, represented by the arbitrary thickness of the filaments, is enhanced
subsequently with higher values for ISTED . At a STED intensity of 70MW/cm2 the
determined mean diameter of the vimentin tubules was reduced to 45 nm .

3.2.2 STED imaging on ultrathin sections

That STED imaging can be assigned to ultrathin sections which intrinsically already
provide an enhanced resolution in axial direction is substantiated for three different dyes
(ATTO532, ATTO590 and ATTO647N) at three different setups. The test structures
were chosen because they were either well-known from former experiments (β-tubulin)
or currently highly discussed and therefore of interest (Histone, Golgi protein).

Methods

For all three test structures cell culture samples were PFA-fixed and immuno-stained.
Afterwards they were embedded into Nanoplast and subsequently ultrathin sectioned
with an ultramicrotome (EM UC6, Leica Microsystems GmbH, Wetzlar, Germany). The
sections were looped up and transferred to plasma-cleaned glass coverslips. Finally, they
were embedded in mowiol and imaged. The preparation protocols are described in detail
in the Appendix. For each sample a specific setup was applied, which for each case has
been described in detail elsewhere [124, 180, 58].

Results and discussion

Panel A of Fig. 3.10 shows β-tubulin stained with ATTO532. As a hetero-dimer together
with α-tubulin, β-tubulin forms the branched network of microtubles pervading a cell
[133]. These microtubles are the thickest fibrous structure of the cytoskeleton (20−28 nm
in diameter). They serve as transport rails in many cellular processes including the
chromosomal segregation [50]. Very often two or more of the fibers are contorted, such
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that they appear as a single thick strand in a confocal microscope. Even with the
lateral high resolution of a STED microscope, two fibers grown on top of each other
are difficult to distinguish within the focal spot. Thus, only with the combination of
ultrathin sectioning and high-resolution imaging, the twisted microtubles can be clearly
resolved.
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Figure 3.10: Confocal (left) and STED (right) of three different cellular structures after
immuno-staining, embedding in Nanoplast and ultrathin sectioning. The
lateral resolution and the section thickness are as designated. In addi-
tion a line profile is shown for each structure. (A): β-Tubulin stained with
ATTO532, PtK cells; (B): Modified Histone3 stained with ATTO590, Hela
cells; (C) Giantin stained with ATTO647N, BHK cells. Note that for the
latter a dye-conjugated Fab fragment was used for labeling instead of a
secondary antibody. Scale bars: 1µm.
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3.2 STED nanoscopy on ultrathin sections

In panel B of Fig. 3.10, a modified histone H3S10ph is immuno-stained with ATTO590.
Histones are part of the chromatin structure in eukaryotic cell nuclei. They play a crucial
role in the packing of the DNA, although so far the exact structure and the packing
mechanism of chromatin are not completely understood [8]. By modifying parts of one
of the five histones (H1, H2A, H2B, H3, H4), one is trying to assign distinct functions
to a certain histone. For H3S10ph, it could be shown that this modified form of H3
is not randomly distributed over the nucleus, but is only found in certain spherical
regions. This could not be revealed by confocal microscopy on the whole cell, where the
whole nucleus appeared as a continuous blurry structure. The enhanced resolution in all
spatial directions unraveled a certain clustering of the protein, indicating that also in the
spherical regions the protein was not thoroughly modified.
Finally, in panel C of Fig. 3.10, Giantin, a protein located at the trans-membrane of

the Golgi-apparatus, which is a membrane enclosed reaction space in eukaryotic cells, is
depicted. It also occurs within transport vesicles in the close environment of the appa-
ratus [114]. By addressing Giantin, fragmentary parts of the Golgi membrane could be
observed, which are in all three dimensions too close for observation with a conventional
microscope. To ensure an even higher quality staining, instead of a secondary antibody
a Fab-fragment was employed. The latter is only one third of an antibody in size [110].
However, it involves a less effective labeling with fluorescent dyes of the marker and
induces a less bright staining of the structure. Thus, it is not globally applicable, but
should be especially considered if proteins within extremely densely packed structures
are of interest.

3.2.3 STED imaging of ultrathin sectioned vs. bulk structures

After the principle of STED imaging has been shown to work on ultrathin sections, this
paragraph outlines the particular advantages of ultrathin sectioning over imaging of bulk
structures. A lateral STED donut is roughly extended to 600 nm in the axial direction.
The detected image is a projection of all fluorescent features within this comparably
thick layer into the image plane. In consequence, very densely labeled structures which
lay on top of each other are difficult to resolve in this range. In addition, dim structures
are easily obscured by adjacent bright features and cannot be detected anymore. By
questioning an ultrathin section of a thinness well below 100 nm those problems are
substantially diminished. Above all, as every single section is addressed independently,
distracting background signal from fluorescent structures in the periphery of the focal
layer is largely omitted. Again this enhances the imaging contrast and is essential for
the detection of dim features.
What is even more pivotal in many applications is the fact that one is not restricted by

the penetration depth of visible light into a scattering tissue. Therefore, arbitrary thick
samples can be entirely addressed. Within that, photo-bleaching in adjacent layers to the
focal volume is avoided by the independent examination of each section. Thus, during
the imaging of the subsequent sections, one can take advantage of the initial, unaffected
fluorescence in each section.
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Methods

To compare ultrathin sectioned and bulk specimens, two equal samples of four different
immuno-stained samples each were prepared. Densely labeled structures were chosen at
this point. One sample of each structure was right after fixation embedded in Mowiol.
The other was embedded in Nanoplast and ultrathin sectioned according to the protocol
described in the Appendix. The section thickness varied from 100 nm down to 65 nm.
The slices were looped up on glass coverslips and embedded in Mowiol as well. Bulk and
sectioned structures were imaged subsequently under identical conditions. The applied
setups were previously described in [124, 26] and [180].

Results and discussion

For each of the bulk structures an exemplary resulting image is shown in the top row of
Fig. 3.11. The background of the inset STED image shows the corresponding confocal
image. The according data obtained from the ultrathin sectioned structures are depicted
in the bottom row of Fig. 3.11. After ultrathin sectioning, a resolution refinement in the
axial direction is already obvious in both, the confocal and the STED image. This holds
for filamentous structures like Vimentin, as well as for spotty structures. On top, the
combination with STED imaging generates an entire high resolution image in all spatial
directions, which allows to precisely study the assembly and the clustering behavior of
certain proteins.
Vimentin is a type 3 intermediate filament of the desmine family and part of the cy-

toskeleton of mesenchymal cells [42]. It forms a tight three-dimensional network. Hence,
the imaging of reduced sample volumes generated by ultrathin slices provide an essential
improvement of the SNR (see Fig. 3.10, C).
Sc35 is an example for the observation of spotty structures. As a nuclear speckle marker

of the serine/arginine-rich (SR) proteins it plays a crucial role in the alternative splicing
process [127]. It is localized in the cell nucleus, where proteins and genetic material
are extremely tightly packed. So far, single protein clusters could only be precisely
localized by means of electron microscopy in combination with ultrathin sectioning [130].
In the compact cellular nucleus, several distinct proteins, e.g. Sc35, are to close to be
distinguished, even by high resolution methods. However, for selective studies on distinct
nuclear proteins, optical high resolution methods are highly preferable.
Further, an examination of synaptic vesicles in neurons was carried out. To this end,

synaptophysin, a well-established vesicle marker was employed (Fig. 3.11, D) [92]. At
a synapse the single vesicles are found in close proximity to each other, forming the so
called vesicle pool [141]. If one is interested in how single vesicles are taken up and
what is the fate of vesicles that have recently been incorporated at the synapse, a high
resolution in the lateral and axial direction is obligatory.
With respect to neurons, this is not only the case for synaptic vesicle proteins. Also,

proteins that are found in the neuronal membrane can much more precisely be observed
after ultrathin sectioning. Hence, SNAP-25, a part of the exocytotic fusion complex
of synaptic vesicles, is depicted in Fig. 3.11, B [9]. Without sectioning one would for
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instance not be able to distinguish SNAP-25 clusters localized on the cellular membrane
from those on the vesicle surface.
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Sc35SNAP-25 Vimentin Synaptophysin
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Figure 3.11: Representative confocal (shown in the background) and STED (in the in-
sets) images of four different immuno-stained structures after embedding
into Nanoplast. Top row: Images of the bulk structure in mowiol, bottom
row: Images of the same structure on ultrathin sections. The corresponding
excitation wavelength is indicated by the colored box for each structure. (A):
Sc35 in Hela cells labeled with ATTO532. Scale bar 300 nm; (B): SNAP-25
in neurons labeled with ATTO532. Scale bar 200 nm; (C): Vimentin in neu-
rons labeled with ATTO590. Scale bar 1µm; (D) Synaptophysin in neurons
labeled with ATTO633, scalebar 200 nm.

Within these experiments, only mono-layer cultured cells were employed. One can es-
timate the benefit, which can be expected for even more spatially extended samples like
whole organs or animals. Not only that focusing deep into these samples is severely lim-
ited by aberration and scattering effects, but also the background signal from peripheral
layers would be highly distracting.

3.2.4 Ultrathin mechanical vs. optical sectioning (isoSTED) in STED
nanoscopy

As was shown in the last Section, subdiffractional resolution in all three spatial dimen-
sions strongly improves the light microscopic imaging of numerous biological structures.
In the following this is verified on mitochondria and in particular on their inner- and
outer membrane. To precisely localize different proteins within either membrane, an
entire high resolution in three dimensions is mandatory.
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Mitochondria are the power machines of eukaryotic cells [145]. In most cell types, they
consist as a dynamic reticulum of long, thin and branched tubuli spreading throughout
the cytoplasm of the cell. As an example, a PtK cell immuno-stained for the TOM
complex, a protein of the outer mitochondrial membrane, is depicted in Fig. 3.13, A. Mi-
tochondria are shown in green, while the DAPI staining of the DNA in the cell nucleus is
colored in blue. Additionally, an immuno-staining of β-tubulin is shown in red. Typically,
mitochondria are about 200− 400 nm in diameter, which corresponds to about a third of
the wavelength of visible light (see Fig. 3.13 A, inset). Although light microscopy is the
method of choice for studying mitochondrial shape and their dynamic behavior, details
about their architecture could so far only be obtained from electron microscopy [10, 94].
The existence of an inner and an outer membrane for example has been known for about
50 years now [39]. Light microscopy concepts have been ill-suited to this end because of
their poor lateral and axial resolution. However, various recent developments provide a
nanoscopic resolution in all three dimensions and were applied also for the imaging of
mitochondria [11, 86, 26].
Still, the inner membrane of the organelles, which forms the christae, is strongly three-

dimensional. Thus, it is hardly accessible and still remained a challenging task for light
nanoscopists. At the same time it is highly rewarding since many cellular processes in
mitochondria take place at or within the inner mitochondrial membrane. Hence, in this
Section the capacity of the mechanical ultrathin sectioning approach in combination with
STED imaging is verified. In addition, a comparison with the results obtained by optical
sectioning in terms of isoSTED imaging is presented.

Methods

The detailed staining protocol is described in the Appendix. To prepare the samples, the
inner mitochondrial membrane was marked by attaching fluorophore-labeled antibodies
to one of the major protein complexes of the oxidative phosphorylation system within
the inner membrane, the F1F0ATPase. For mechanical sectioning the fixed cells were
embedded in Nanoplast, ultrathin sectioned (50 nm) and finally embedded in TDE. TDE
is advantageous since it matches the refractive index of the immersion oil and remarkably
enhances the observed fluorescence signal.
For the imaging of ultrathin sections a STED setup with a supercontinuum laser source

(SC-450 HP, Fianium, Southampton, UK) was used [180]. In principle, the setup is sim-
ilar to that shown in Fig. 3.7. As both the excitation and STED pulses are generated by
the same laser source, the setup is simpler, user-friendly and less expensive. The exci-
tation wavelength was chosen to be λexc = 570 nm and extracted by a bandpass filter,
whereas the STED beam with a wavelength λSTED = 700 nm was extracted by a wave-
length selector built around a highly dispersive Brewster prism (SF59, Schott AG, Mainz,
Germany). To enhance the power of the STED beam, which allows for a higher lateral
resolution, two orthogonally polarized but otherwise equal intensity beams of the STED
wavelength were extracted from the spectrum. These beams were individually guided
through two separated beampaths, including two vortex phase masks (RPC Photonics,
Rochester, NY, USA) providing the toroidal beam shape, and overlaid before guiding
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3.2 STED nanoscopy on ultrathin sections

them into the objective lens (PL APO 100 x/1.40−0.7 oil, Leica Microsystems, Wetzlar,
Germany). This yields a time-averaged power of a few mW at the aperture of the ob-
jective lens, corresponding to a pulse energy of about 7 nJ. The extracted laser pulses
were already as along as about 80 ps at a repetition rate of 1MHz and thus additional
pulse stretching was unnecessary. The detection was performed by an avalanche photo-
diode module (SPCM-AQRH-13-FC, Perkin-Elmer, Quebec, Canada), combined with a
time-correlated single-photon counting board (SPC-830, Becker & Hickl GmbH, Berlin,
Germany). Typically, the STED and confocal reference images were recorded quasi si-
multaneously on a line-by-line basis by opening and closing a shutter in the STED beam.
In these experiments a pixel size of 10 nmx10 nm together with a pixel dwelltime of 20µs
was used. For scanning the samples a piezo stage (NanoBlock, Melles Griot GmbH, Ben-
sheim, Germany) was used. The resolution on biological samples could be proven to be
in the range of 20 nm.
The isoSTED imaging was performed with the setup described elsewhere1 [147]. To

this end, the immuno-stained samples were fixed with 8 % PFA and afterwards embedded
in TDE by applying a subsequent dilution series [161].

Results and discussion

Mechanical ultrathin slicing and subsequent STED imaging clearly enabled the delin-
eation of the inner-membrane flow, disclosing christae as pronounced substructures in-
side these organelles. The diameter of the mitochondrial christae estimated from the
fluorescence signal was found to be around 30 nm, which is in agreement with the data
obtained by electron microscopy where the pure unlabeled membrane is visualized [39]
(Fig. 3.12).
The figure shows an electron-microscopic image of the mitochondrial membranes (Panel

A) compared to a STED image of the inner membrane (Panel B). Similar regions in
both images are depicted as magnified insets. Although STED microscopy can still
not compete with electron microscopy in terms of resolution, a similar thickness and
arrangement of the inner membrane is observed by both techniques. This is also indicated
by the peak maxima distance in the lineprofile shown. Due to the required (immuno- or
other) labeling in light microscopic techniques, the inner membrane is slightly broadened.
Hence, new and smaller affinity binders, like Fab fragments or Fluorescein arsenical helix
binders (FlAsH), are desirable.
However, mitochondria are of considerable interest, since numerous severe human dis-

eases are caused by defects in the assembly of the oxidative phosphorylation system in
the christae [158]. For further effective investigations in this field, three dimensional high
resolution imaging, which allows the use of selective protein markers is mandatory. In
this respect, light-microscopic methods are definitely favorable over electron-microscopic
techniques. Apart from the approach explored in this work, which combines optical high
resolution STED imaging with mechanical ultrathin sectioning, Schmidt et al recently
published an all-over optical sectioning technique to generate nanoscopic resolution in all
spatial directions [147].

1All isoSTED measurements were performed by Roman Schmidt.
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Figure 3.12: Lineup of an exemplary EM image[39] of an ultrathin sectioned chick cere-
bellum cell and a STED image of an immuno-stained and ultrathin sectioned
PtK2 cell (B). The colormap in the enlarged box was inverted by means of
the large image to underscore the similarity to the EM data. With both
techniques the diameter of mitochondrial christae was observed to be about
30 nm. Note that, beside the intrinsically worse resolution, structures in
the STED image are slightly broader because of the attached antibody/dye-
label, which was not necessary in EM. Also note that the outer mitochondrial
membrane is visible in the EM, but was not stained for the STED image.
A lineprofile of the STED image is additionally shown. Scale bars: 50 nm.

isoSTED nanoscopy provides sub-diffractional resolution even in whole, intact cells
by scanning a nanoscopic nearly spherical effective PSF through the sample (see sketch
of effective excitation patterns in Fig. 3.13, D, bottom). The latter is generated by
overlapping the excitation spot of two opposing high NA oil objectives with a hollow
sphere of light for switching off the fluorescence by STED. Effectively the spot is about
30 nm in diameter and consequently about three orders of magnitude smaller than that
of a confocal microscope (Fig. 3.13, D, top). Essentially operating the system as a beam
scanning microscope, any single layer can be addressed within a semi-thick sample (about
200µm) this way [70]. The revolutionary potential of this non-invasive approach has been
shown in various applications [170, 71]. However, the complex setup requires a specialist
as operator.
Exemplary images derived with both methods are shown in Fig. 3.13, together with

a small sketch commenting on the workflow. Panel B shows STED images of ultrathin
sections. Panel C shows isoSTED images recorded on whole intact cells [148].
In both cases a quite heterogeneous arrangement of the christae was observed even

within a single mitochondrial tubule. Regions of stacked christae lamella are altering
with regions of up to ∼ 105 nm2, which were devoid of christae. In most cases the
christae were perpendicular to the direction of the mitochondrial tubule, but christae
running along its length axis can also be found, underscoring that their arrangement is
highly variable. Most explicitly the membrane’s course is visible when the tubule crosses
the imaged plane and a perpendicular crossection is detected.
Comparing both imaging methods, mechanical sectioning typically does not reach a
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3.2 STED nanoscopy on ultrathin sections

section thickness as thin as 30 nm but yields slices of 50 nm only in reproducible quality.
Still, this does not mean that the axial resolution is effectively poorer. Lacking any off-
focal-plane fluorescence emission, the mechanical slicing approach tends to deliver images
with a throughout higher contrast compared to all-optical sectioning.
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Figure 3.13: A: Confocal overview over the mitochondrial network of a fluorescent labeled
PtK cell: Mitochondria visualized by antibody-labeling of the TOM com-
plex on the outer mitochondrial membrane (green); microtuble cytoskele-
ton immuno-stained against β-tubulin (red); DAPI- labeling of the nucleus
(blue). The inset shows a schematic crossection of a single mitochondrium.
B: Overview and detailed STED images showing the arrangement of christae
in intact wild type PtK cells. The latter were labeled by antibodies against
F1F0ATPase. After embedding in Nanoplast, ultrathin slicing (50 nm) were
generated mechanically. C: isoSTED images of the same structures as in B
in a whole cell, embedded in TDE. B/C right: Sketch describing the imaging
process. STED images were deconvolved using a maximum-likelihood expec-
tation maximization algorithm. D: Effective PSFs of the different imaging
modes. The size of the PSFs is scaled to the inset in A showing the schematic
crossection of a mitochondrium. Scale bars 500 nm.
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What is even more crucial is the fact that with regard to optical sectioning, both the
excitation and the STED laser beams photo-bleach a large amount of fluorophores in the
surrounding of the focal plane, making a nondestructive imaging of several subsequent
planes hardly possible with currently available fluorophores. For mechanical sectioning,
this problem can be neglected, since each section is imaged completely independently.
In summary, beyond doubt it is shown that both techniques reveal matchable convinc-

ing results. However, isoSTED nanoscopy might, among other methods, at some point
pave the way for three-dimensional high-resolution imaging of living cells. But due to
the mentioned advantages, mechanical ultrathin sectioning provides a considerable al-
ternative in many applications. It will of course never be capable of live-cell imaging or
observing fast dynamic processes in real time. Still, with modern rapid fixation methods,
certain processes on a comparably long timescale might also be followed by time-lapse
imaging.
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3.3 Application I: 3D Investigation of a cultured neuronal network

3.3 Application I: 3D Investigation of a cultured neuronal
network

Cultured neurons play an important role as test systems for the investigation of neuronal
communication. The central part of the latter is the synaptic vesicle cycle, including the
fundamental step in neuronal communication, which is the fusion of synaptic vesicles with
the plasma membrane [93]. Where synapses are formed, how synaptic vesicles are filled
with neurotransmitters, in which arrangement the vesicles are stored before exocytosis,
what happens after their fusion into the synaptic membrane are, among further questions,
of high interest for the neuroscientific community [165]. An overview of the current
status of knowledge focusing on the synaptic vesicle cycle is given in Fig. 3.14, A. In
particular concerning the fate of recently endocytosed synaptic vesicles, several theories
are currently under debate and are, accounting this also, outlined in the sketch.

syntaxin
SNAP25

synaptobrevin

1/2 Neurotransmitter (re-)

        �lling of vesicles

3-5 Vesicle docking and fusion

    6 Local reuse (kiss-and-stay)

    7 Fast recycling (kiss-and-run)

8/9 Clathrin mediated endo-

       cytosis and endosomal 

       recycling

A B

Figure 3.14: A: The synaptic vesicle cycle, adapted from [167]. Synaptic vesicles are filled
with neurotransmitters by active transport (1) and from the vesicle cluster
that may represent the reserve pool (2). Filled vesicles dock at the active
zone (3) where they undergo a priming reaction (4) which makes them com-
petent for Ca2+triggered fusion-pore opening (5). Afterwards they undergo
endocytosis and recycle via several routes: local reuse (6), fast recycling
without an endosomal intermediate (7) or Cathrin-mediated endocytosis (8)
with recycling via endosomes (9) [165]. B: Synaptic fusion complex formed
out of three different SNARE proteins: synaptobrevin is located on the
vesicle surface, syntaxin1 and SNAP-25 are part of the plasma membrane.
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For the investigations of synaptic processes, one relies on the specific observation of
single proteins with high spatial resolution in all three dimensions. That the latter can
be provided by the explored approach of ultrathin sectioning in combination with STED
nanoscopy, has in principle been shown in the previous Section. However, the exploration
of a neuronal network poses further challenges, most prominent in terms of the precise
localization of single protein clusters. This includes either the spatial relation of a certain
protein to a second one or its allocation to a distinct layer of a neuronal cell, rather a
synapse.
The experiments described in the individual parts of this Section provide certain ap-

proaches to solve these difficulties.2

Part A - Two-color imaging of a cultured neuronal network

For the investigation of single proteins in either the neuronal membrane or in synaptic
vesicles, the information one can obtain from a single color image is severely limited.
Instead, it is very often requested to explore two different structures and their assembly
relative to each other with high resolution methods. Therefore, two-color STED imaging
on ultrathin sections was carried out and is described in the following.

Methods

Cultured rat hippocampal neurons were fixed with PFA and subsequently immuno-
labeled for two proteins: synataxin1 and β-tubulin. Secondary antibodies labeled with
ATTO532 or ATTO633 were used, followed by another fixation step with PFA. The spec-
tra of the applied fluorescent dyes, together with the spectral position of the excitation,
the detection and the STED light are depicted in Fig. 3.15, A. To enable an accurate
registration of the two different color channels, the immuno-stained samples were incu-
bated with a diluted suspension of two-color fluorescent silica beads at 37°C. A detailed
staining protocol is given in the Appendix.
The beads were purchased as green-fluorescent beads with an NH2-functionalized sur-

face (sicastar greenF, 300 nm, 50mg/ml, micromod GmbH, Rostock, Germany) and were
afterwards dyed with ATTO633-NHS-ester yielding a fiducial marker visible in both de-
tection channels. Silica beads were chosen because of their hardness, going along with
nice cutting qualities, and because the dye had been chemically incorporated into the
substrates, so that a bleeding out of the staining during the embedding procedure and
in particular in an unpolar environment is prevented.
After bead-incubation the samples were embedded in Nanoplast resin [5]. To this end,

the monomer solution was added onto the coverslips using BEEM capsules as a mold.
The polymerized blocks were detached from the coverslips by dipping them into liquid ni-
trogen, trimmed and cut with an ultramicrotome (EM UC6, Leica Microsystems GmbH,
Wetzlar, Germany) and an ultrasonic diamond knife (Diatome AG, Biel, Switzerland) to
a thickness of 100 nm. To avoid back reflections of the laser beam during imaging at the

2The presented experiments were performed in collaboration with Silvio Rizzoli (European Neuroscience
Institute, Göttingen, Germany), who prepared the immuno-stained samples.
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Figure 3.15: A: Absorption and fluorescence spectra of the two applied dyes. The exci-
tation and STED beams, as well as the detection range are also indicated.
B: Focal intensity distribution of each beam and it’s FWHM.

interface between the section and air, the sections were capped with another coverslip
that was previously spin-coated with a thin layer of Mowiol.
For STED data acquisition a home-built two-color STED microscope [124, 24, 26],

capable of imaging a visible and an infrared dye simultaneously with high lateral resolu-
tion (≈ 30 nm), was employed. Briefly, a laser system consisting of a Ti:Sapphire master
oscillator (Mira 900F, Coherent, Santa Clara, CA), a regenerative amplifier (RegA 9000,
Coherent) and an optical-parametric amplifier (OPA 9400, Coherent) was used to gener-
ate STED pulses at a rate of 250 kHz and a wavelength of 603 nm for the visible STED
beam. For the infrared STED beam a second mode-locked Ti:Sapphire oscillator (Mira
900F, Coherent) with a repetition rate of 76MHz was used at a wavelength of 750 nm.
The < 250 fs duration of the initial pulses was expanded to ≈ 200 ps by means of a
glass fiber [25]. The pulse energies at the back aperture of the objective lens were up
to 0.5 nJ and 1.5 nJ for the visible and infrared channels, respectively. Fluorescence ex-
citation was performed with two picosecond diode lasers (PicoTA-488 and LDH-P-635,
PicoQuant GmbH, Berlin, Germany) synchronized to the Ti:Sa oscillators. To create the
toroidal STED donut, a vortex phase plate (RPC Photonics, Rochester, NY) for the in-
frared channel and a spatial light modulator (Hamamatsu, Hamamatsu City, Japan) for
the visible channel were placed into the expanded laser beams before focusing them with
a 100x/NA 1.4 oil immersion lens (Leica Microsystems GmbH, Wetzlar, Germany). The
generated excitation and STED PSFs for both color channels are depicted in Fig. 3.15,
B.
The images of the infrared and visible channels were recorded consecutively, whereas

the STED and the confocal images were measured quasi-simultaneously on a line-by-
line basis. The field of view was typically chosen as 10µm x 10µm, which along with
a pixel size of 20 nm and a pixel dwell time of 0.5ms for the infrared and 8ms for the
visible channel, resulted in acquisition times of ∼ 60min per two-color image. The image
acquisition was performed with the custom written software Imspector [150].
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As ATTO532 has a markedly tendency to form a triplet state upon excitation, a
laser pulse frequency of 250 kHz was applied to guarantee a relaxation of the excited
dye molecules into the singlet ground state before the next pulse arrives [25]. Thus
the acquisition time was extraordinarily long. This entailed a drift of the piezo stage
appearing as a shearing of the image, which did not occur in the fast infrared channel.
Hence a simple superposition of the two color channels was no more practicable.

By means of the two-color beads this drift could be corrected. To this end, the beads
were manually selected in the individual images of each color-channel. With custom-
written routines in MATLAB (The Mathworks, Natick, CA, USA), a polynomial drift
was fitted to the selected bead positions.
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Figure 3.16: Confocal (left) and STED (right) images of an immuno-stained, ultrathin
sections of a cultured neuronal network. Syntaxin1 is labeled with ATTO532
(A), β-tubulin with ATTO633 (B). The section thickness is 100 nm, the scale
bar is 1µm. Panel C shows intensity profiles of the confocal and the STED
images along the yellow lines in A (C.1) and B (C.2). STED imaging clearly
allows one to resolve single features with a proximity below the diffraction
limit. In D an overlay of the two STED images is shown.
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Results and discussion

A typical two-color image of a sample prepared as described above is shown in Fig. 3.16,
D. The individual confocal and STED images are depicted in Fig. 3.16, A (syntaxin1
immuno-stained with ATTO532, green) and B (β-tubulin immuno-stained with ATTO633,
red) respectively. Intensity profiles for both confocal and STED images along the indi-
cated lines are plotted in Fig. 3.16, C for both colors. Clearly, features which had been
obscured in the confocal image can be easily separated in the STED image.
On the basis of these results, various proteins occurring at a neuronal synapse can be

questioned and precisely localized with respect to each other. Such colocalization studies
would not have been possible by the information obtained from a single color. However,
the high imaging contrast in the mechanically prepared ultrathin sections has an essential
role at this point. First, the accuracy in the axial direction is substantially enhanced and
second, also dim structures are more clearly visible in the resulting images.

Part B - Reconstruction of a three-dimensional neuronal network

In many applications the analysis of a single ultrathin layer of a sample is not sufficient
to draw significant conclusions. Instead, it is important to embed the observations into a
larger three-dimensional context. This holds in particular for the investigaton of neuronal
communication, taken to the extreme in the connectome project [74, 112]. For electron-
microscopic data the process is fairly easy since one can avail of several continuous
structures, e.g. membranes, which are visible in the images of subsequent sections.
Consequently, considerable effort has been put into the automation of the registration
process.

Fixation and Staining Bead addition Embedding

Mechanical SlicingImagingImage reconstruction

Figure 3.17: Schematic representation of the work flow for nanoscale image reconstruc-
tion in 3D: Fixed and immuno-fluorescent-stained cells are incubated with
fluorescent beads, fixed and embedded in a polymer resin, followed by ultra-
thin slicing with an ultramicrotome. After confocal and STED imaging of
the individual sections, image registration by rotation and translation allows
a three dimensional reconstruction of the sample.
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In contrast, in fluorescence imaging, only explicitly labeled structures are visible. If
these are not continuous, but rather spotty, they are not qualified as markers for the
rendering of the image stack. This problem can be evaded by a quite simple approach,
namely the addition of fluorescent beads before embedding the sample into a plastic
block, as outlined in the following Section.

Methods

For the three-dimensional investigation of neuronal networks, the work flow is illustrated
in Fig. 3.17. The sample preparation was performed in analogy to Part A. For the two-
color labeling, the same dyes were applied but directed to different proteins. This time
synataxin1 had been stained with ATTO532 (green) and synaptophysin with ATTO633
(red).
The diameter of the fluorescent silica beads was chosen to be 300 nm in order to on

one hand allow a detection of a single cut bead in three to four consecutive sections and,
on the other hand, to avoid a destruction of the structure by adding too large particles
onto the samples.
After ultrathin slicing, the subsequent sections were transferred onto glass coverslips,

making sure to keep them in the right order. Every section was placed on an individual
coverslip.

a b

c d

Figure 3.18: The image registration was performed with co-embedded two-color fluores-
cent silica-beads as anchor points. A schematic sketch of a representative
bead sequence is depicted on the left side. The corresponding STED images
for the red channel of the subsequent layers a-d are shown on the right.
Scale bar: 100 nm. Section thickness: 75 nm.

The field of view in a STED microscope is much smaller than the size of a section.
Hence, to generate a three-dimensional stack of images, the small region which is sup-
posed to be imaged by STED microscopy has to be located in every subsequent section.
To this end, confocal overview images of the two stained color channels were taken in
advance. An example of such an image is shown in Fig. 3.19, A. The region imaged with
STED is also indicated by the white square. This way, the orientation on each section

62



3.3 Application I: 3D Investigation of a cultured neuronal network

was revealed, even with the small field of view of the STED microscope. Anyway, a
certain error could not be completely eliminated.
The STED imaging was performed as described above. Finally, the recorded images

were superpositioned. The rotation and translation processes were performed manually
with the alignment tool Midas, which is part of the academic IMOD software suite [107].
Static and animated 3D visualizations of data sets were subsequently produced with the
commercial image visualization package AMIRA (Visage Imaging, Carlsbad, CA).

Results and discussion

Two-color imaging was successfully performed on fifteen 75 nm thin serial sections. A
stack of the recorded images, each of them 10µm x 10µm in size, was rendered after-
wards. The slices were arbitrary oriented on the coverslips during the imaging procedure.
Therefore, not only the two color channels of a single section (as described in Part A of
this Section), but also the data from different sections had to be registered. For both, the
co-embedded and cut fluorescent beads were used as reference marks. The appropriate
protocol is briefly outlined at this point:
First, the images of a slice recorded in the red channel were superposed, taking ad-

vantage of the sectioned fluorescent beads. This procedure was performed manually. In
Fig. 3.18 the principle is shown on a schematic bead ensemble which was drawn on the
basis of a tru situation in the experiment. The four STED images, which can be assigned
to the single layers of the sketch are also depicted. It is clearly obvious that a single
bead can be found in several subsequent layers. Thus, superpositioning the centers of
the bead fragments enables the image registration.
Second, the images of the green channel were correlated with the according images of

the red channel for each section, which were already aligned. This was reasonable, since
the images of the green channel featured an erroneous shearing, that was caused by the
slow imaging process. The overlay of the two-color channels was performed computa-
tionally as described in Part A of this Section. Finally, this resulted in a rendered stack
of two-color images.
A representative two-color STED image taken out of the stack is shown in Fig. 3.19,

B. The yellow arrows indicate some beads which were employed for the image registra-
tion. Panel C and D of Fig. 3.19 show a clip-out for each color channel of the image in
Fig. 3.19, B. The confocal images are also placed to visualize and underline the resolution
enhancement within the focal plane which was achieved by means of STED imaging.
A stereo view of the resulting stack is depicted in Fig. 3.19, E. The axial extension

of the stack was 1.05µm determined by the thickness of the fifteen slices. Finally, due
to the randomly orientation of the sections on the coverslips, only a small part of the
imaged axon (3µm x 3µm) coincided in all images. It is indicated by the white box in
the two-color image in Fig. 3.19, B.
Hence, if desired, the co-localization of two proteins can be performed with a nanoscopic

precision in all three dimensions of the image stack. However, for the investigation of
ever larger data sets, it would be beneficial to automize the registration procedure. The
same applies for the subsequent analysis of the data.
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Figure 3.19: Imaging and 3D reconstruction of a cultured neuronal network (green:
synataxin1, red: synaptophysin. Section thickness: 75 nm). (A) Confo-
cal overview of a single section of the series. The white square indicates the
region imaged with STED. Scale bar: 10µm. (B) Typical two color STED
image of one slice taken out of the 3D stack. The white square indicates the
region shown in (E), scale bar 1µm. Some of the fluorescent beads used for
the section alignment are indicated by yellow arrows. (C) and (D): Confocal
(rear) and STED (front) images of a selected region in (C) to demonstrate
the enhanced resolution in xy-direction. Size: 800 nm x 800 nm. (E) Stereo
image of a stack reconstructed from fourteen slices, 3µm x 3µm x 1.05µm
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3.3 Application I: 3D Investigation of a cultured neuronal network

To summarize, even the fluorescence images of neuronal proteins, which form sepa-
rated clusters, a three-dimensional reconstruction of high-resolution fluorescence images
was possible. As silica beads were employed as artificial markers, the lack of inherent con-
tinuous structures which normally serve for the image registration in electron-microscopy,
could be compensated. Hence, a rendered plastic image with an all-over nanoscopic res-
olution in three spatial directions could be representatively generated for synaptophysin
and syntaxin1. The transfer of the technique to any other fluorescently labeled structure
is thus enabled, independent of its continuous appearance in adjacent layers.

Part C-Quantitative localization analysis of synaptic proteins

Neuronal communication at chemical synapses relies on the Ca2+ triggered fusion of
synaptic vesicles with the plasma membrane. Those vesicle carry a certain composition
of neurotransmitters, which is released into the synaptic cleft and recognized by appro-
priate receptors on the side of neighbored dendritic spines. The fusion of synaptic vesicles
is mediated by the so called soluble N -ethylmaleimide-sensitive-factor attachment recep-
tor (SNARE) proteins, which form the in Fig. 3.14, B shown SNARE complex [33, 91].
The latter consists of SNAP-25 and synataxin1 provided by the plasma membrane, and
synaptobrevin which is located on the vesicle surface. Thus, one would expect a high
concentration of synataxin1 and SNAP-25 at synaptic sites, but a fairly low concentra-
tion in the peripheral neuronal membrane. So far it is known from the investigation of
flat membrane sheds that both proteins form clusters within the plasma membrane [181].
To which extent the clusters are localized on synaptic sites, meaning in close proximity
to the synaptic vesicles, remained unclear.
Hence, this question is now addressed with the explored approach of mechanical ultra-

thin sectioning in combination with two-color STED nanoscopy. To this end, synaptic
vesicle sites are localized by immuno-staining of synaptophysin, which represents a well-
known marker for synaptic vesicles [92].

Methods

To investigate the distribution of the two synaptic membrane proteins synataxin1 and
SNAP-25 respectively, the proteins were immuno-stained with ATTO532. The correla-
tion of the two proteins with the position of synaptic vesicles was realized by a co-staining
of synaptophysin with a second color (ATTO633). The further sample preparation and
imaging was performed analog to the previous experiments described in Part A of this
Section.
For six images, the position of the protein clusters were marked manually in three

independent runs, providing consistent position data. The size of the synaptic membrane
clusters was subsequently determined in terms of the FWHM of the fluorescent spots.
Vesicle release sites were then identified based on the red detection channel for synapto-

physin. A map of these regions was created using an adaptive thresholding algorithm im-
plemented in MATLAB. In detail the script is ednoted in the Appendix. It preformed the
following image processing steps: At first, regions below a noise level of 50 counts/pixel
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were discarded, while the remaining regions were thresholded at their average intensity.
The resulting masks were stable with respect to variations of the background level. Sec-
ond, the masks were eroded with a radius r = 80−100 nm to exclude remaining artifacts
and then dilated with a disk with r = 260 nm to account for the diameter of the vesicles.
An example of a created mask is shown in Fig. 3.21. Clusters (represented as yellow stars
in Fig. 3.21, C) lying within the resulting masks were considered as “inside”.

Results and discussion

The first result revealed by high resolution imaging of ultrathin sections was that both
syntaxin1 and SNAP-25 showed a spotty distribution. The single clusters of synataxin1
and SNAP-25 can be separated from each other and individually (co-)localized within
each section providing the imaging plane. The cluster size for the two membrane proteins
was measured and is illustrated in Fig. 3.20. Clusters of SNAP-25 seem to be slightly
smaller in diameter (100 nm in average) than those of synataxin1 (120 nm in average).
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Figure 3.20: STED images and analysis of the cluster size distribution of two SNARE pro-
teins after resin embedding and mechanical ultrathin sectioning. Shown are
two color STED images of syntaxin1 (A) and SNAP-25 (B), both in green,
co-stained with the synaptic vesicle marker synaptophysin (red). Scale bar:
1µm. For the region represented by the white square the confocal images
are additionally displayed for both color channels separately on the left. The
spotty distribution of both SNARE proteins suggests the presence of numer-
ous clusters of the proteins. A histogram of the measured cluster size is also
shown for the two proteins. The size of most clusters was about 100 nm and
120 nm for SNAP-25 and syntaxin1 respectively.
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3.3 Application I: 3D Investigation of a cultured neuronal network

The spots of synataxin1 and SNAP-25 in the green channel largely surrounded the
groups of synaptic vesicles (red channel), which are found within the axons. This is
not surprising as both proteins are mainly found in the membrane of the axons. Some
fluorescence was also associated with the synaptic vesicles sites, as both syntaxin1 and
SNAP-25, despite being primarily plasma membrane proteins, are found at low levels in
synaptic vesicles [168]. This type of staining would have been very difficult to observe
via conventional confocal imaging due to the small size of the synaptic sites. Even with
the enhanced lateral resolution of a STED microscope, the density of the synataxin1 and
SNAP-25 staining obscured the individual spots. Thus clustering had so far only been
observed by imaging membrane patches but not on a whole cell [155]. Here it is validated
that the improvement of the axial resolution provided by the ultrathin sectioning protocol
helps to investigate the distribution of the synaptic proteins.
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Figure 3.21: Analysis of the distribution of syntaxin1 (not shown) and SNAP-25 with
respect to the colocalization with synaptic vesicles represented by synap-
tophysin after resin-embedding, mechanical ultrathin sectioning and STED
imaging. Vesicle release sites were identified using an adaptive thresholding
algorithm (gray regions in (A) and (C)) whereas clusters of SNAP-25 and
synataxin1 were localized manually (yellow dots in (B) and (C). The cluster
positions were classified according to whether they were localized within the
identified release sites or not. (C) shows the localization mask derived from
the STED images in (A) and (B). Scale bar: 1.25µm (D) shows the fraction
of SNAP-25 and synataxin1 clusters occurring in vesicle release sites. In
(E) the mean fluorescence counts for individual clusters of the two SNARE
proteins inside and outside of the designed vesicle release sites are mapped.

As syntaxin1 and SNAP-25 function exclusively in vesicle fusion, one would expect
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them to be concentrated in small areas of the synapse, in the release sites where synaptic
vesicle fusion actually takes place. However, this is not the case: the two proteins
are distributed in spots (protein clusters) across the entire sample. To confirm this,
the percentage of SNAP-25 and synataxin1 clusters in the immediate vicinity of the
areas occupied by the synaptic vesicles (as identified by the synaptophysin staining) was
determined. It turned out that only ≈ 40 % and ≈ 50 % of the clusters of syntaxin1
and SNAP-25 respectively are associated with synaptic vesicles. By varying the image
processing parameters, these numbers were found to be stable to within 10 %. Finally,
a small difference between the intensity characteristics of the protein clusters in areas
occupied or not by the vesicles is found. In areas occupied by the vesicles, the signal seems
to be slightly brighter which might also be due to a higher background in these regions.
This indicates that there is no substantial difference between syntaxin1 or SNAP-25
clusters in the vicinity of the synaptic vesicles and those from other areas of the axons.
Overall, one is forced to conclude that syntaxin1 and SNAP-25, although functioning

mainly in synaptic vesicle fusion, are not restricted to the space near synaptic vesicle
accumulations. Interestingly, the wide positioning of the synaptic vesicle’s fusion partners
opens, in principle, the possibility of vesicles fusing outside of their normal release sites,
in regions where neurotransmitter release would be unproductive. Thus it would not
result in any transmission of information to the post-synaptic cell due to the lack of
post-synaptic receptors (normally found only near the release sites). Again it is worth
pointing out that this information would have been obscured by the out-of focus signal
without applying ultrathin sectioning before imaging.

Part D-Concerted investigation of recently endocytosed synaptic vesicles
unconnected to the plasma membrane

Whereas the Ca2+-triggered exocytosis of synaptic vesicles is well accepted as the crucial
step in intercellular communication due to neurotransmitter release, the fate of the synap-
tic vesicles after membrane-fusion is still heavily discussed [165, 142]. The three debated
models for the process are “kiss-and-stay” (localized refill of a subpopulation of synaptic
vesicles at the active zone), “kiss-and-run” (synaptic recycling is not restricted to the
active zone, but goes rapidly without a Cathrin-coated intermediate) and “endosomal-
recycling” (after Cathrin-coating, a certain fraction of the endocytosed vesicles is recycled
via fusion with endosomes and subsequent budding, while others are simply refilled after
uncoating). An overview of the three models is given in Fig. 3.14. While the “kiss-and-
run” model has received substantial attention in the last decade [142], the more complex
full collapse and fusion pathway (endosomal-recycling) has been less actively investigated.
The endosomal sorting pathway was suggested in 1973 for the first time [76], although

it turned out a few years later that it was based on erroneous interpretations [43]. The
claim was heavily discussed in the following more than 20 years due to the lack of further
evidence [165, 140, 176, 143]. However, without endosomal involvement, one is forced to
assume that a unique synaptic vesicle composition is maintained by a single sorting step
at the plasma membrane via the Cathrin-associated machinery [96]. This is questionable,
although it could be shown that different synaptic proteins remain clustered after fusion
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3.3 Application I: 3D Investigation of a cultured neuronal network

[179, 181], since only few proteins have the ability to directly interact with this machinery.
Thus, even limited fragmentation upon fusion would imply that substantial sorting (for
example via endosomes) would be required.
In experiments performed by Peer Hoopmann3 it could be shown that after exocytosis

synaptic vesicle components undergo limited spreading throughout the plasma mem-
brane, which must consequently be followed by retrieving imperfect vesicles with an
inconsistent protein composition. Those imperfect vesicles are rather likely to contain
impure membrane fragments, which were incorporated in addition to synaptic vesicle
components.
To verify this prediction, one has to deal with the problem to select a distinct thin

layer of a sample, which is less than 100 nm thin. A confocal focus axially extends to
at least 500 nm and thus does not allow an ultrathin layer to be selectively addressed.
However, a separation between proteins either found within the neuronal membrane, at a
certain distance to the membrane is at this point strongly required. Therefore ultrathin
sectioning is essential in this respect. The strategy is visualized in Fig. 3.22, A. The size
of the confocal focus is indicated by the grayish shadow, while the attention should be
turned on it’s axial extension in particular. In the following it is described, that ultra-
thin sectioning allowed a specific investigation of distinct layers within a neuronal axon
including the unambiguous identification of vesicle clusters void of plasma membrane.

Methods

Neuronal cultures were stimulated for endocytosis and immuno-stained against synapto-
physin with ATTO532, and for two membrane-resident proteins, syntaxin1 and SNAP-25,
with ATTO647N. The samples were resin embedded into Nanoplast and cut into roughly
80 nm thick sections. The samples were embedded in Moviol an d afterwards invetigated.
As synaptic vesicles can be estimated to be larger than the signal obtained from fluores-
cently labeled synaptophysin, a confocal resolution in the lateral direction was assumed
to be sufficient in the visible channel. For the detection of the red channel (syntaxin1 or
SNAP-25), a high resolution was favored. A commercial TCS STED microscope (Leica
Microsystems GmbH, Mannheim, Germany) providing one high resolution channel in the
infrared region (with a resolution > 70 nm) and, in addition, confocal detection channels
were used.

Results and discussion

According to the hypothesis, one could detect a significant increase in colocalization of
membrane clusters with synaptic vesicles compared to the unstimulated case. Colocalized
SNAP-25 and synaptophysin is indicated by yellow areas in Fig. 3.22, B. To visualize
what is observed in either case the results are additionally sketched next to the images.
After stimulating the endocytosis of synaptic vesicles, a significantly increased amount
of the labeled membrane proteins can be found in close proximity of the synaptic vesicles
marked by synaptophysin.

3(European Neuroscience Institute, Göttingen, Germany).
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Figure 3.22: A: Schematic depiction of the work flow. Using a confocal focus in axial
direction does not allow the distinction between SNAP-25 and Syntaxin1
located in the membrane or in the synaptic vesicles. Sectioning and subse-
quent imaging of slices allows selective imaging of the vesicles. B: Control
or stimulated hippocampal cultures with SNAP-25 (green, confocal) and
synaptophysin (red, STED) immunologically stained. Note the increase of
signal colocalization after stimulation; section thickness: 80 nm; scale bar:
2µm. C: Quantification of the SNAP-25 (top, average of 3 independent ex-
periments) and syntaxin1 (bottom, average of 2 independent experiments)
intensity within the vesicle clusters. D: Sketch visualizing the concluding
results of the current study: endosomal recycling is true for at least a part
of endocytosed synaptic vesicles; for details see text.

The quantitative analysis of the relative level of each of either synataxin1 or SNAP-
25 within the synaptic vesicles underscores this findings: The according data analysis
was performed by picking the centers of large vesicle clusters. Subsequently a region of
interest with a diameter of 50 nm was selected around them and the average fluorescence
for both the synaptophysin and the membrane protein channel was calculated. For a
clearer view on the data, the fluorescence in the SNAP-25 or syntaxin1 channel relative
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to that of synaptophysin was determined and plotted as a histogram (3.22, C). The
levels of both SNAP-25 and syntaxin1 in the vicinity of synaptic vesicles was increased
after stimulated endocytosis. Thus, it was substantiated that fragments of the neuronal
membrane had been incorporated into the recently formed vesicles.
Further experiments performed by Peer Hoopmann showed that afterwards at least

a part of those “imperfect” vesicles fuse with endosomes since they showed a markedly
enrichment of previously labeled synaptic vesicle proteins. Moreover, new vesicles seem
to bud again from the endosome within 30 s. Hence, this indicated that they undergo an
endosomal recycling, while others might follow the faster “kiss-and-run” model. Perhaps
vesicles perform repeated kiss-and-run fusion followed by endosomal recycling whenever
“imperfect” kissing results in partial loss of the identity in the plasma membrane [188].
However, the detailed mechanism for the endosomal budding of vesicles as the last step
in the recycling cycle still remains unknown at this point.
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3.4 Application II: Nanoscopy on fluorescent fusion proteins
in C. elegans

A discipline, which can substantially profit from optical nanoscopy on ultrathin sections
is the investigation of the nematode Caenorhabditis elegans (C. elegans). It is currently
one of the most important organisms in the field of developmental biology and for ge-
netically studies. Foremost employed for laboratory investigation by Sydney Brenner in
the late 1960’s [17], it was the first multi-cellular eukaryotic organism to have its genome
completely sequenced in 1998 [82]. The small animal, which is about 1mm long and has
a diameter of about 36µm is studied as a model organism for a variety of reasons. Fig-
ure 3.23 gives an idea of the lucent animal and it’s organs. Beside the fact, that it’s rapid
and easy to bread, it’s structural simplicity, including the cell constancy, are expedient
qualities in research. Further interest rose from it’s clearly arranged nervous system,
consisting of only 302 neurons. It serve as a model organism and many results from
developmental and genetically studies can be passed on vertebrates, including humans.

Anus

Distal gonad

Proximal gonad

Uterus

Intestine

Pharynx
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B

Figure 3.23: Anatomy of an adult hermaphrodite of C. elegans. A: DIC image of an adult
hermaphrodite, left lateral side. Scale bar 0.1mm. B. Schematic drawing of
anatomical structures, left lateral side.[84]

After resin embedding and ultrathin sectioning, C. elegans has been extensively studied
by means of transmission electron-microscopy. Much of the available information is
documented in the wormatlas, a library of pictures of nearly any part of the worm
[84]. Anyway addressing a particular biological problem by means of microscopy requires
sensitive markers. For distressing manner, on whole animals like C. elegans, staining
with specific antibodies is often hindered. The labels, if available at all, are mostly
membrane-impermeable so that an effective labeling of proteins or peptides is not or
only insufficiently assured.
However, C. elegans was the first organism, which was successfully transfected with

the green fluorescent protein GFP [21]. Because of the simple genome of C. elegans,
protein modifications are nowadays easily generable. The genetically encoding with fluo-
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rescent proteins (FPs) ends up in an outright fluorescent labeling of a certain structure.
In consequence, this prompted numerous selective light-microscopic studies on differ-
ent proteins, even in the living animal [132, 54, 52, 81]. Still, fluorescent proteins have
their own drawbacks. As they are quite large, especially if they are only available as
oligomers, they might cause structural artifacts. Furthermore, the genetically encod-
ing might markedly influence the cellular process in an uncontrollable way. A major
disadvantage for microscopic studies is their low photostability.
During the imaging of FPs, the resolution of a confocal fluorescence microscope is

not sufficient for many questions. Unambiguous information about the location or the
distribution of the labeled proteins can thus not be obtained. Although fundamental
progress has recently been made in the field of high resolution light microscopic tech-
niques, semi-thick samples (e.g. worms) with densely labeled structures are still not
entirely addressable. For STED microscopy, the limitations are mainly related to photo-
bleaching, in particular regarding the imaging of fluorescent proteins.
By mechanical slicing of the sample, photobleaching is restricted to the investigated

layer only. Hence, genetically labeled proteins can be imaged with nanoscopic resolution
in each single layer of the sample. Moreover, correlative STED and EM can combine the
ultrastructure and protein-specific high-resolution images of the same tissue section. Still,
FPs, although shielded by the beta barrel, are more sensitive to environmental changes
than are organic fluorophores. Though the use of FPs together with resin embedding for
ultrathin sectioning is a special challenge.
Primarily due to its photostability the most suitable currently available FP for STED

microscopy was shown to be Citrine [64]. Citrine is a variant of the yellow fluorescent
protein (YFP) with a similar absorption and emission spectrum but higher resistance
against environmental changes, e.g. pH [62]. A resolution enhancement in either the
axial or lateral direction could be achieved by STED microscopy on cultured living cells
expressing Citrine. Still, a simultaneous three dimensional investigation of semi-thick
samples with sub-diffractional resolution has not been shown yet. Each scanned optical
section by the STED beam goes along with a destructive photobleaching of the fluores-
cent structures in the peripheral layers. Thus, until more resistant FPs are available,
mechanical slicing after resin embedding is the method of choice to investigate different
layers of the worm with the nanoscopic resolution of STED microscopy.
In this study, two different proteins were tagged with Citrine and subsequently ex-

pressed in C. elegans. 4

The first protein, which was observed is synaptogyrin1 (sng1) that occurs on the mem-
brane of synaptic vesicles. The importance of studies related to neuronal communication
and the synaptic vesicle cycle was already outlined in Section 3.3. The synaptic protein
synaptogyrin1 was chosen, since it is one of the few unambiguous synaptic vesicle mark-
ers [60, 132]. Whereas proteins like snb1 are not only expressed within the vesicles but
also in the neuronal membrane, sng1 is only tightly localized on the vesicles themselves.

4The project was set up as a collaboration with the lab of Erik Jorgensen, in particular Shigeki Watan-
abe, at the University of Utah. In detail, breading, embedding and partly the sectioning of the
worms, as well as electron-microscopic imaging was done in the Jorgensen lab, while other sectioning,
further processing of the sections and fluorescence imaging including STED was done by me.
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In Fig. 3.24, A the course of neurons within C. elegans is sketched. Additionally a fluo-
rescence widefield image of sng1 is shown. The (cross-) section was taken far from the
nerve ring, the worms brain. The two main nerve cords, the ventral and dorsal ones, are
indicated.
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Figure 3.24: A: Neuronal sites within C. elegans, where sng1 is expressed.[85] B: Widefield
fluorescence image of a crossection of C. elegans expressing sng1 together
with Citrine. C: electron-microscopic picture of a nerve. The enlargement
shows synaptic vesicles surrounding an active site or dense projection at the
synapse.

Although synaptic vesicles, as well as the active sites, are easily recognizable on EM
images, specific synaptic processes are hard to study with this method. Active sites,
which consist of cadherines and transmitter docking proteins, are very densely packed
and therefore also called dense projections. An example for an image of an active site,
surrounded by several synaptic vesicles is shown in Fig. 3.24. Ultrastructural details
including membranes are resolved with an impressive resolution. Unlike, the localization
of single distinct proteins is not or only to a very limited extend, possible. High resolution
methods, enabling the specific proteins to be addressed were for a long time lacking. Now,
several fluorescence techniques have been established, among them STED microscopy.
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Bringing those methods together with the ultrastructural resolution of EM is obvious.
Thus, alternatively to two-color imaging, as it was performed in Section 3.3, correlative
investigation of the same section by STED and electron-microscopy, followed by super-
position of the resulting images can help to precisely localize a certain protein related to
synaptic vesicles. This will help to understand the proteinogenic background of cellular
processes in general and at synaptic sites in particular.
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Figure 3.25: A: The sites where his44 is naturally expressed are indicated in green. [85]B:
Fluorescence image of C. elegans expressing his44 together with GFP. C:
Widefield fluorescence image of a cross section of an animal, where his44
is genetically encoded with Citrine. D: TEM image of a section of C. ele-
gans. Densely packed cell nuclei, where chromatin and therewith histones
are localized, are clearly visible as dark structures and indicated. [84]

In a second experiment, Citrine was expressed together with a histone. Histones are
the core proteins of nucleosomes in eukaryotic cells. A single nucleosome consists of an
octamer of eight histones, following the nomenclature in vertebrates, two of H2A, H2B,
H3 and H4. The DNA is about 1.65 times wrapped around a single nucleosome, which
is equivalent to about 146 base pairs. The for those studies selected histone his44 is
a homologous to the protein H2B in vertebrates. An fluorescence widefield image of a
worm expressing his44 together with GFP is shown in Fig. 3.25, B. A crossection is given
in C. It is naturally only expressed in the intestinal cells of C. elegans (see Fig. 3.25, A),
while in this study, the promoter was selected such, that it is expressed in the nucleus of
any cell of the animal.
As shown in Fig. 3.25, D, tightly DNA packaging around the nucleosome is clearly vis-

ible in the EM pictures. However, it is desirable to learn more details of the mechanisms,
which are responsible for the DNA packaging. By high resolution imaging, for example
with STED nanoscopy, further investigation of the localization and therewith the function
of specific proteins is generally enabled. In particular densely packed nuclear structures
are revealed by ultrathin sectioning and the accompanied axial resolution refinement.
Again, the correlation of STED data with EM images of the same ultrathin section en-
ables the localization of a specifically labeled structure with the cellular ultrastructure
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of the worm.
The following experiments show, that it is possible to conserve the fluorescence signal

of Citrine during fixation and resin embedding. After ultrathin sectioning it still yields
enough signal to obtain high quality STED images. In addition, correlative STED an
electron-microscopic study is performed for the case of his44.

Methods

The expression of the investigated fluorescent fusion proteins was performed according
to the methods described elsewhere [122, 40]. Briefly the modified DNA constructs are
introduced into the gonads of an adult hermaphrodite by micro-injection.
Because of their size, specimen of C. elegans are well suited for high pressure freezing

methods (HPF). For small samples this is currently the method of choice to highly en-
sure a preservation of ultrastructural information. Rapidly applying a pressure of about
2000 bar or more to specimen kept in their natural environment, e.g. a bacteria solution,
in combination with cooling to −173°C within less than 500ms, suppresses the forma-
tion and growth of ice crystals. Instead, vitreous ice is formed and the ultrastructure
of the sample is mostly retained. For HPF a Baltec HPM 010 machine was employed.
A comparison between HPF and conventional aldehyde fixation methods at room tem-
perature is given in Fig. 3.26, showing the improved structure preservation in HPF. The
electronmicroscopic pictures show the dorsal nerve cord of C. elegans at a magnification
of 135 k.

aldehyd fixation high pressure freezing

A B

Figure 3.26: Comparison of a TEM image of the dorsal nerve cord of C. elegans after alde-
hyde fixation (A) or HPF (B). The ultrastructure is clearly better preserved
in the latter case.

The further treatment of the sample is dominated by balancing out the requirements
of electron-microscopy on the one hand and fluorescence microscopy on the other hand.
EM calls for a strong fixation of ultrastructural details and hence, a proper throughout
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polymerization of the resin. Fluorescence microscopy, however, demands the conserva-
tion of the signal from the expressed fluorescent proteins. This includes the mandatory
presence of a certain amount of water, since the chromophore is highly dependent on the
coordinated hydrogen bonding network. Complete dehydration of the samples has to be
avoided.
Finally it turned out, that a fixation with 0.1 % KMnO4 is the most gentle way to treat

the sample while meeting all mentioned demands. The fixative is solved in acetone, which
remains liquid at low temperatures. The ice substitution after freezing by the fixative and
subsequent infiltration steps with the monomer solutions are performed in an automated
freeze substitution unit (Leica AFS2). First the specimen is stepwise thawed from −90◦C
to −20◦C and afterwards kept at this temperature until polymerization was completed.
What turned out to be important is that throughout the whole treatment a content of
5 % water has to be present. In addition to the demands of the FP, it assures a neutral pH
during polymerization. The polymerization itself is performed by an accelerator, whose
concentration increased with every infiltration step.
Finally polymerized blocks are thawed, trimmed and cut into ultrathin sections of

70 − 100 nm in thickness. The sections were transferred to either blank coverslips. The
sections are sensitive to oxygen, but can be stored at −20◦C for several weeks after
applying nitrogen and subsequent evacuation. This enabled also the shipment from
Utah to Göttingen without a loss of the fluorescent signal.
For STED imaging the samples were thawed and incubated with a aqueous solution

of fluorescent silica beads (sicastar blueF, micromod, Germany). With the STED setup
they can be excited and detected separately from the proteinogenic fluorescence recording
an additional UV image. In the electron-microscope they are also clearly visible because
of their comparatively high density. This helped to finally superpose the fluorescence
images with electron microscopic pictures.
After evaporation of the water at room temperature, the sections were mounted in

distilled water and imaged with the STED microscope described in [64]. Instead of stage
scanning, the image acquisition was performed with a beam scanning mirror similar to
the one described by Westphal et al [177]. In brief, the excitation pulses were delivered by
a pulsed laser diode (Toptica) at a wavelength of 488 nm and a pulse duration of 100 ps.
The light was focused into a objective lens (PL APO, 100x/1.4 NA, oil, Leica). The
fluorescence signal was collected by the same lens. It was separated from the excitation
light by a custom-made dichroic mirror and filtered with a 560/20 bandpass filter. A
multimode fiber served as a confocal pinhole. The pulsed STED light was derived from a
Ti:Sapphire laser (MaiTai, Spectra-Physics) operating at 80MHz and emitting at 795 nm.
The 200 fs pulses were stretched to 300 ps by by dispersion in a polarization-preserving
fiber. The excitation pulses were synchronized to the STED pulses by external triggering
of the laser diode. The pulse delay was generated by a home-build delay generator. The
image size was typically chosen to be 20µmx 20µm with a pixel size of 30 nm and a pixel
dwell time of 10µs. The total detection time for one image was in the range of a few
minutes. To begin with a confocal image was detected with an excitation power of 1µW
in the aperture. Afterwards the STED imaging was performed with a higher excitation
power of about 12µW and a STED beam power of 45mW in the aperture. To detect
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as much signal as possible 2 − 3 scans were performed for STED imaging and added
up. Finally, when all fluorescence was bleached, a confocal UV image was detected by
an additional scan of the same section. The excitation was performed with a pulsed
photodiode working at 405 nm (Oxxius S.A., Lannion, France).
After STED imaging the sections were dried on air and sent back to Utah. There

the slices were imaged by SEM. To this end, an FEI nova nano with VCD detector for
back-scattered electron detection was applied at low vacuum. The acceleration voltage
was 5 kV.

Results

Because FPs are sensitive to oxidation by atmospheric oxygen, there were so far only very
few studies on resin embedded and ultrathin sectioned samples. Up to now only semi-
thick samples of 0.5−1µm thickness were examined by confocal fluorescence microscopy
[117, 99]. Confocal imaging implies a resolution limit of 500 nm in all three spatial
directions or a cubic voxel extension.
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Table 3.1: Conflicting requirements of electron- and fluorescence- microscopy on resin
embedded samples and elaborated solutions.

While high-resolution methods like STED microscopy paved the way for the observa-
tion of nanoscopic features labeled with FP in the lateral direction, the axial direction was
the limiting factor. Thus, the call for even thinner slices arose. Incomplete dehydration
procedure had been reported to introduce artifacts on the ultrastructure during ultrathin
sectioning [156]. This is mainly because of the insufficient polymerization of the acrylate
resin, which resulted from small amounts of water in the polymerization mixture. An
alternative approach uses cryo-sections to circumvent at least the dehydration problem
[137].
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A new protocol that preserves both, the ultrastructure of the sample and also the
fluorescence of the FP, even in sections less than 100 nm thick is applied. An overview of
the conflicting requirements in electron and fluorescence microscopy is given in Table 3.1.
Also, the elaborated solutions are mentioned. During the infiltration procedure with the
monomeric resin solution, oxygen contact was reduced by storing the sample in an AFS
unit. Moreover, the resin mixture was extricated from oxygen by placing it into a vacuum
chamber after mixing. The fixation with potassium permanganate or a low concentration
of osmium tetroxide saves the ultrastructure up to the final sectioning step, even if 5 %
of water are present. This amount of water is also conducive to lower the destructive
effects of acidic sites within the resin on FPs. In the end, a well-defined signal from
Citrine in ultrathin sections of LR White was observed and yielded enough photo-counts
for high resolution STED imaging. However, for long-term storage, keeping the samples
at −20◦C in bags, first filled with nitrogen and afterwards evacuated, is mandatory.

Synaptogyrin1 To validate nanoscopy on fluorescent fusion proteins in ultrathin sec-
tions, a fusion protein of Citrine and sng1 was expressed in C. elegans. After HPF and
embedding, the animals were sectioned into < 100 nm thick slices, which were subse-
quently mounted on coverslips. After thawing the frozen sections, they were mounted
in water and directly imaged with STED microscopy. Fig. 3.27 shows exemplary confo-
cal and STED images of sng1 in a section through the nerve ring of C. elegans. Here,
synapses and therewith synaptic vesicles are particularly frequent. It is clearly evident,
that imaging of fluorescent proteins in plastic sections with high resolution is possible by
means of STED microscopy.
As cellular structures are for the most part auto-fluorescent in the UV, recording a

confocal image with an excitation of 405 nm reveals details of the peripheral structures
in the animal. In Fig. 3.27, C, which is an overlay of the STED image with the according
UV image, the pharynx in the middle of the nerve ring for instance is clearly visible.
The additional information helps to put the high resolution protein image into a larger
structural context. This is desirable for STED microscopy, since multicolor imaging
mostly goes along with a more sophisticated setup. Imaging a single color is very often
little meaningful. In addition a single color fluorescence image is in most cases little
meaningful.
In Fig. 3.28 confocal and STED images of sng1 at a crossection of the backmost part

of the animal at the ventral nerve cord is shown. In panel C also a line profile is plotted,
which was measured for the in the STED image indicated site.
It substantiates, that structures can be resolved with a resolution below 50 nm. This

corresponds to the size of a single synaptic vesicle. As the image shows numerous regions,
where the fluorescence signals can not clearly separated, it is likely, that several proteins
of sng1 are found in each vesicle.
A substantial gain in information already results from the ultrathin sectioning of the

sample. Especially for vesicles with a diameter of about 30− 40 nm, which are naturally
tightly clustered, decreasing the thickness of the observed sample volume by a factor of
five enables a much more precise localization [60].
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Figure 3.27: Confocal (A) and STED (B) image of Confocal (A) and STED (B) images
of sng1 genetically encoded with Citrine in the nerve ring of C. elegans after
resin embedding and ultrathin sectioning of the animal. C: Overlay of the
STED image shown in B with the UV image of the same region, visualizing
the structural context of the fluorescent structure. The inset is taken from
the sketch in Fig. 3.24, A, to facilitate the orientation in the worm. Section
thickness: 100 nm. Scale bar: 1µm .

Moreover, structures, which were previously smeared out by a worse SNR can be
revealed on the ultrathin slices. However, an even more detailed information is provided
by high resolution fluorescence images.
In future studies, correlating confocal or STED images with electron microscopic data

can give further insight into the localization and distribution of sng1.

Histone44 Another protein, which was successfully studied with STED nanoscopy, is
his44. A representative image is given in Fig. 3.29. Compared to the confocal image,
where the substructure within the cell nucleus is more or less blurred, the chromatin
network is at least rudimentarily discernible in the STED image. To study the function
of a certain histone in the folding mechanisms of the DNA, modified histones, which might
show an altered spatial assembly within the chromatin network, could be investigated
with the technique.
To the end of correlative STED and SEM imaging on the nucleosomal protein his44,

the fluorescent sections placed on coverslips were incubated with a solution of in the UV
range fluorescent beads. Due to their polar surface, the silica beads tightly stick to the
acrylate resin sections. They can serve as fiducial markers, as a UV image can easily be
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taken in the STED setup immediately after the acquisition of the high resolution image.
Because scanning is performed by a beam scanning mirror, no drifts of the sample itself
are to be expected either.
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Figure 3.28: Confocal (A) and STED (B) images of sng1 genetically encoded with Citrine
in the ventral nerve cord of C. elegans after resin embedding and ultrathin
sectioning of the animal The insets show an enlargement of the regions
indicated by the white square. A lineprofile of the in the STED image
indicated position is also shown (C). Section thickness: 100 nm. Scale bar:
1µm .

Moreover, silica is a highly electron scattering material. Hence, a localization of the
beads in the electron-microscopic picture is quite unambiguous. Although the chromatin
structure itself facilitates the superposition of the data, fluorescent beads are even more
incontestable. In addition, they allow the transfer of the technique to the investigation of
any other genetically encoded fluorescent protein that is not easily identifiable in electron-
microscopic data. Figure 3.30 gives an overview of the work flow towards correlative
STED-EM-imaging.
Figure 3.31 finally substantiates that correlated STED-EM-imaging works. However,

the structures in the STED image are comparably dim, yielding in a decreased SNR
in the images. This is also, because the section was cut to 75 nm only, which is about
three-quarter of the previously in this Chapter discussed samples.
After deconvolving the STED image with an Richardson-Lucy it was superpositioned

with the according UV image, in which the fluorescent silica beads are visible. Then
those images were registered manually on the subsequently recorded scanning electron
microscopy image. This required several steps, i. e. rotation, translation and shearing
of the STED image. Basically the superposition was performed by using the calculated
center of the fluorescent silica beads as markers and laying them on top of each other.
In this case only one bead lay close enough to the histone structure to be covered in the
STED image, but still the histone structure itself enabled the correct manual alignment
of the two images. The shearing of the STED image, however, did not result from a
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deformation in the sample, but from a scanning issue of the setup, that was later solved.
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Figure 3.29: Confocal (A) and STED (B) images of his44 expressed in C. elegans after
genetically encoding with Citrine, resin embedding and ultrathin sectioning
of the animal. Section thickness: 100 nm. Scale bar: 1µm.

Discussion

The results presented in this Chapter can be seen as a fundamental progress for the target-
orientated investigation of ever smaller biological structures. Genetically encoding with
FPs is a crucial labeling method, not only for the research on the nematode C. elegans.
Accessing them with a nanoscopic resolution in all three spatial directions is highly
desirable if not essential for the precise localization of the encoded proteins. We presented
an approach to reduce the focal volume by a factor of more than 500 compared to previous
studies. On top, the correlation of the obtained images allows to see information obtained
for single proteins in a larger structural context and with even higher resolution.
Although the list of proteins, which are interesting and suitable candidates for this

method, goes even in the simple model organism C. elegans far beyond this work, a few
are instanced here. As a follow up to the investigation of sng1 it could be suspenseful to
further investigate the mechanisms of neuronal communication. A potential candidate for
further studies is the synapse defective protein syd2. It is located to the dense projection
of synapses, but where exactly is so far unknown. Beside the precise localization of the
protein, more information can be obtained from correlative studies.
Even if a multicolor-color setup for the parallel imaging of two different fluorescent

proteins at the same time has so far not been established, important findings about the
relation of two specific substrates can be won. If each protein is expressed in a different
animal, the according high resolution fluorescent images can independently correlated
with EM pictures. Studying the relation between the protein with the peripheral ultra-
structure indirectly allows to draw conclusions about the relation and, together with in
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vitro methods and genetic disruption experiments, the interaction of the proteins them-
selves.
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Figure 3.30: work flow towards correlative STED- and SEM-imaging. After incubation
with fluorescent beads, the ultrathin sections are imaged with STED- and
confocal (UV) microscopy and subsequently investigated with an SEM. After
deconvolution of the STED image, it was overlaid the UV fluorescence image
to localize the silica beads, which were used as alignment anchors. Beads
are in STED and SEM data indicated by yellow arrows. Scale bar: 2µm.
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Figure 3.31: Correlative STED- and SEM-image of his44 genetically encoded with Citrine
taken on an ultrathin section of C. elegans. Section thickness: 75 nm. Scale
bar: 2µm.

In general, all fields of research grazed in this work, but also others, can benefit from
the technique. C. elegans is an adequate and at the same time simple organism, which
is easy to manipulate in any way, for numerous basic studies in life sciences. Thus, it is
as interesting to promote neuroscience as well as mitochondrial research in the nematode
as a model. However, the potential of the technique for sure goes even beyond this.
Three-dimensional nanoscopic resolution in combination with genetically encoded labels
is in this respect unambiguous. However, a lot of space for improvements of the method
is left at this point.
First of all it remains to be evidenced, that preserving the fluorescence of FPs on

ultrathin resin embedded sections while maintaining the ultrastructure of the sample
is reproducible. This holds not only for further encoded proteins in other parts of C.
elegans. That the results are transferable to other organisms has to be proven as well.
Although the elaborated work flow was shown to be practicable for two proteins, further
argument is necessary to develop it into a standard protocol. In any case, preparing even
brighter signal would always go together with a higher optical resolution and remains a
future goal.
With regard to electron-microscopic methods, transmission electron microscopy (TEM)

definitely is superior to scanning electron microscopy (SEM). Preparing the samples
directly on glass coverslips, which are because of their thickness and molecular density
not a suitable substrate for TEM imaging, is to this end to be avoided. As a first
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experiment coverslips coated with a layer of pioloform were applied. Pioloform is a thin,
electron-lucent but stable, film that can be removed from the glass together with the
sections and can be transferred to a TEM grid. Establishing this method for correlative
imaging would allow a further improvement in resolution.
Additionally, the presented technique can benefit from the imaging of several consec-

utive slices. Even if a whole animal is difficult to investigate for practical reasons, a
reconstruction of a several µm-thick tissue block would provide a lot of complementary
information.
Concerning STED microscopy, it would be a major progress to have several and more

(photo-) stable fluorescent proteins, which can simultaneously be imaged. Multicolor
imaging would allow an even more detailed insight into the relation of two associated
proteins and their correlated functions.
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3.5 Application III: Nanoscopy on mammalian tissue

As fruitful as the research on cultured cells or simple model organisms, like drosophila,
C. elegans or zebrafishes is, as provocative is the investigation of the more complex
mammalians. The house mouse mus musculus is the most common research organism
in this field. Since the early 80s it is possible to grow so called transgenic and knock-
out mice, which are genetically manipulated [90, 172, 51]. This paved the way for the
generation of fluorescent mice by genetically encoding GFP [88].
However, imaging a small animal or even it’s fractional organs is a challenge. While

already parts of a mouse brain, for instance, span a quite large volume of tens of cubic
millimeters, the axonal and dendritic processes comprising a certain circuit are extremely
fine and tortuously interconnected. Consequently, they call for a resolution in the range
of nanometers.
In order to disentangle the neuronal network a resolution on the nanometer scale is

indispensable. This is ambitious, not only because imaging a whole neuronal circuit
with nanoscopic resolution would yield a tremendous amount of data (petabytes). To
access a three dimensionally extended structure with a nanoscopic resolution, mechanical
ultrathin sectioning is highly advantageous. How laborious this method is for three-
dimensionally extended specimens can be seen from the fact that even tracing the nervous
system of C. elegans, which is less than 0.01mm3 small, took a whole decade [178, 57].
Accordingly, it is over-ambitious to perform the same manual technique on mouse brains
or even larger samples, what would go along with up to a million ultrathin slices.
Thus, Lichtman and coworkers, who are in fact working on the mapping of the mouse

brain, came up with a new approach: the automated tape collecting in a lathe ultrami-
crotome (ATLUM) [61]. By applying this technique, thousands of ultrathin sections can
be cut and collected on a continuous plastic tape without the need of manual interven-
tion. Hence, slicing at least parts of a mouse brain with a reliable quality of sections
becomes possible.
Still, imaging thousands of brain tissue sections is not only a technical challenge in

terms of slicing. Since new optical high-resolution approaches arose in the 1990s, several
techniques compete with electron-microscopic methods on the nanoscale. All of them
have their own drawbacks and advantages and are potential candidates for the imaging
of brain slices. Which method is the most striking highly depends on the addressed
problem in a particular case .
This Chapter demonstrates the general capability of STED nanoscopy to image fluores-

cently label brain tissue sections with high resolution. Moreover, the imaging on plastic
tape instead of glass substrates is shown to be functional. To classify the method, stochas-
tic GS-DIM imaging, another optical high-resolution technique, was also performed on
those samples [38].5

5The in this Chapter presented work was performed as a collaboration with the lab of Jeff Lichtman
at the Harvard university, in particular with Juan Carlos Tapia and Bobby Kasthuri. In detail, the
transgenic mice were grown, embedded and ultrathin sectioned in Harvard. Mounting and imaging
of the sections was subsequently done by me.
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Methods

The preparation of ultrathin slices of brain tissue is outlined in Fig. 3.32. The transgenic
mice were prepared as described elsewhere [34]. After anesthetizing and heart-perfusing
them, the desired tissue was dissected and embedded. The further processing is described
in detail for each experiment.
For a first study, a multicolor animal expressing CFPS, YFPH and KOFP was used.

The tissue was embedded in LR White and subsequently ultrathin sectioned (50−70 nm)
by custom-built automated tape-collection in an ultramicrotome (ATUM). A photograph
of the latter is depicted in Fig. 3.32. Initially, the ultrathin sections were collected on
gelatin coated glass slides (about ten sections per slide) instead of plastic tape and sent
to Göttingen.
Before immuno-staining the ultrathin sections with anti-GFP antibodies, the slides

were briefly heated to about 90◦C to prevent the gelatin from swelling. The immuno-
fluorescence-labeling was achieved with secondary antibodies coupled to ATTO590. Sub-
sequently, the sections were embedded in Mowiol.

transgenic mouse

polymer

 embeddingtissue

remo-

ving

 slicing 

by ATUM unit

imaging on tape

Figure 3.32: Sample preparation using the ATUM for high resolution imaging of ultrathin
slices on plastic tape. The transgenic mice were anesthetized and heart-
perused before the desired tissue was dissected. After polymer embedding
of the samples, they were cut ultrathin and collected on plastic tape in the
ATUM unit for subsequent high-resolution imaging.
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For STED imaging of the ultrathin sections the same setup, which had been described
in Chapter 3.2 for the imaging of mitochondria was applied. The excitation and STED
power in the aperture were about 0.5µW and 3.5mW respectively. A pixel dwell time of
0.2ms was used to acquire 20 x 20µm images with a pixilation of 10 nm. No subsequent
mathematical deconvolution was carried out. All images shown are raw data. The
confocal images were recorded with a pixel size of 40 x 40 nm. The pixel dwell time and
the excitation power were equal to those applied for the STED image acquisition.
For GSDIM imaging the samples were prepared the same way, but immuno-stained

with ATTO532. The setup, which was used for data acquisition was described elsewhere
in detail [36, 16]. For fluorescence excitation a continuous-wave laser at 532 nm (Verdi
V5, Coherent Inc, Santa Clara, CA, USA) was used. The imaging was performed with
an oil immersion objective lens (HCX PL APO 100x/1.4 oil, Leica Microsystems, Wet-
zlar, Germany) generating a 12µm large excitation spot. The detection was realized in
epi-direction on an EM-CCD camera (IXON-Plus DU-860, Andor Technology, Belfast,
Nothern Ireland), using an image pixilation of 20 nm. As described elsewhere, it has
to be smaller than half the desired resolution [153]. To obtain a high resolution image,
about 85000 widefield frames were detected applying a dwell time of 5ms for each im-
age. Every 10000 images, the dye was reactivated by a µs UV pulse delivered from a
continuous-wave 375 nm laser (iPulse-375, Toptica Photonics AG, Gräfelfing, Germany).
The calculation of the high resolution image from the previously up added diffraction
limited data set was performed with custom-written MATLAB scripts (The Mathworks,
Natick, CA) as described by Föllling et al [38].
For the collection of ultrathin slices on plastic tape, YFP16 mouse tissue was embedded

in Epon. Those mice express YFP in all motoneurons [6]. The sectioning was carried
out with the custom-built ATUM and collected on Lumox tape (Dupont, Wilmington,
Delaware, USA). To amplify the fluorescent signal, the sections were after embedding and
ultrathin sectioning immuno-stained with anti-GFP antibodies. After immuno-staining
the tape was sent to Göttingen.
Upon arrival, the specimen were embedded in 98 % TDE and subsequently imaged

with the STED setup previously mentioned, except that only one STED beam was used.
This resulted in a by a factor of two reduced STED beam power of 1.9mW and thus a
slightly poorer resolution. The acquisition time was elongated to 1ms per 20 nm pixel
for the dimmer samples. The imaging was performed directly through the backside of
the tape, with no coverslip between the sample and the objective.
For the imaging of the synapses at the neuro-muscular junctions (NMJ) of a P0 muscle,

specific pre-embedding immuno-staining for synaptophysin and for neurofilaments was
carried out. The P0 muscle is localized in the neck of the animal and can thus easily
be dissected. The further treatment of the tissue, including sectioning, tape collection,
mounting and imaging was the same as for the YFP16 mice.

Results

At the beginning it was tested, whether STED microscopy would work on ultrathin brain
tissue sections. The effect of the high-power STED beam on the dense tissue and the
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embedding polymer was not known, fluorescence labeling was a major concern. Although
the mice were forced to express one or more FPs, the observed signal on ultrathin sections
was not sufficient to perform STED imaging. Thus, enhancing post-embedding immuno-
labeling with organic dyes proved to be a viable option.
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Figure 3.33: Stack of post-embedding immuno-stained ultrathin sections imaged with
STED nanoscopy on gelatin coated coverslips. For one section the STED
image (top right) together with the according confocal image (top left) is
shown enlarged. The boxed area in the images is enhanced for both images.
Section thickness: 50 nm. Scale bar: 2µm.

In the course of the experiment it was found that tissue sections tend much more
to unspecific antibody reactions than does a layer of cultured cells. As a consequence,
the background signal caused by staining artifacts is remarkably increased. The lat-
ter is especially misguiding for brain tissues sections, since the single spots are easily
misinterpreted as cross-sectioned fine axons.
To increase the SNR an extraordinary bright structure was desirable for the first ex-
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periments. To this end, a mouse simultaneously expressing three different FPs in it’s
motoneurons was chosen. The fluorescent labeling was enhanced by staining the final
ultrathin sections with an anti-GFP antibody. Post-embedding labeling is more efficient,
since the antibody reaction is not limited by the tissue penetration. In addition, an effect
of the polymerization reaction on the fluorophore is excluded.
As the staining of the ultrathin sections goes along with several washing steps and

changes of the added solutions, the employed microscope slides were in advance coated
with gelatin. This made the sections adhesive on the glass.
The immuno-stained sections were mounted in Moviol and could successfully been

imaged by STED microscopy. As shown in Fig. 3.33, a stack of 11 subsequent images,
each of them 20 x 20µm in size, was acquired. Due to the limited available scanning
range only a very small part of a section, indicated by the small square on the yellow
sections in Fig. 3.33 could be addressed in one scan.
To give an idea of the achieved resolution refinement, one of the images is shown

enlarged, together with the according confocal image. The resolution enhancement is
clearly obvious. Within the confocal imaging mode most of the structures appear quite
blurred. In contrast, in the STED images, very tiny axonal substructures can be identified
within a single nerve.
The high resolution images indicate that STED imaging might serve as a tool to follow

single neuronal processes throughout a large stack of tissue. This was so far only possible
by means of electron-microscopic methods. It is attractive to pursue this project with
light microscopic techniques, since a single neuron, which expresses a FP can be tracked
and easily identified within each section of the stack.
To test if comparable results can be obtained with stochastic methods, the same ex-

periment in terms of the sample preparation was performed with GSDIM. Instead of
ATTO590, ATTO532 was used for immuno-staining. ATTO532 is a standard dye for the
application in GSDIM microscopy.
The detected high resolution image as well as the widefield image are shown in Fig. 3.34.

Again, the resolution enhancement is clearly obvious. However, while single bright spots
had a FWHM of only 30 nm (see lineprofile in Fig. 3.34, C), the resolution on more densely
labeled parts of the neuronal structure was a bit poorer than in the STED images (about
50 nm, see lineprofile in Fig. 3.34, D). It is known, that high- resolution imaging with
stochastic methods gets difficult as structures are more tightly labeled. Thus, the applied
sample with its dense structures was not optimally adapted to the technique. In addition,
a further modification of the acquisition mode might have provided better data. Still,
GSDIM imaging was not further pursued for two reasons.
Firstly, since the images have an intrinsic spotty appearance. Hence, compared to

STED microscopy, it is even harder to decide, which signals belong to the structure of
interest and which are just due to artifacts. The latter might be caused by staining,
but also, as observed in some samples, due to foldings and wrinkles within the ultrathin
sections.
Secondly, the homogeneous background signal, which is normally present and limits

the resolution significantly in stochastic high resolution methods. The latter is quite high
on resin embedded sections, in particular, if auto-fluorescent polymers like epoxide resins
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3.5 Application III: Nanoscopy on mammalian tissue

are used (see Chapter 3.1). Additionally, as imaging the samples on plastic tape was the
final goal, further destructive signal is likely to be caused by the collecting tape.
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Figure 3.34: A: GSDIM and widefield (inset) image of a similar structure as in Fig. 3.33.
Scale bar: 500 nm. The lineprofiles indicated in A are shown in B (single
spot) and C (continuous structure) respectively.

All further STED experiments were performed on slices collected on plastic tapes. This
is indicated by the bluish highlighted background of the figures. Instead of Mowiol, the
samples were mounted in TDE. In combination with plastic tape, Mowiol was observed
to melt under the STED laser irradiation.
Sticking to the post-embedding labeling approach, a dimmer structure was chosen for

the next experiment. To this end, the examined animal was genetically modified such
that it expressed only one FP, YFP, in the cellular somata.
As the hydrophobic LR White sections were observed to be less adhesive on plastic

tape and tend to detach and wrinkle, Epon was chosen as the embedding medium. In
addition, the achieved section quality was enhanced and more reliable. The YFP labeling
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3 Experiments and results

of the ultrathin sections was amplified as previously described with an anti-GFP antibody
coupled to ATTO590. This step was at this point even more vital, since after Epon
embedding the signal from FP completely vanishes.
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Figure 3.35: A: Widefield image (20 x magnification) of ultrathin sectioned cellular so-
mata in brain tissue, immuno-labeled for YFP. B: Confocal (periphery) and
STED (center) image of the same image as in A. C: Lineprofile taken from
the STED image at the indicated position. Section thickness: 75 nm. Scale
bar: 1µm.

Several plastic tapes were tested for the collection of ultrathin slices and subsequent
STED imaging, among them Mylar, Kapton, a polycarbonate tape and Lumox. Except
Kapton, which strongly absorbed the irradiation from the STED beam, all of them were
more or less suitable for optical high-resolution imaging. Finally Lumox tape was used,
which had a thickness of only 25 nm and thus gave the lowest background signal.
The imaging was performed directly through the tape. This allowed to control the

flatness of the tape after mounting. Even more important, bearing the investigation of
a large stack of sections in mind, spatially constraints by the size of the coverslips are
avoided, when meters of tape are to be imaged.
An overview image of sectioned cellular somata is shown in Fig. 3.35, A. Due to the

restricted scanning range of the STED microscope, only one cell could be addressed
within a high resolution image. A representable STED image is pictured in Fig. 3.35,
B. The periphery indicates the resolution achieved in the confocal imaging mode. The
diffraction limited spots decompose in the STED image to several smaller ones, which are
clearly separated. The size of the spots was reproducibly slightly below 50 nm, pointed up
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3.5 Application III: Nanoscopy on mammalian tissue

by the lineprofile depicted in Fig. 3.35, C. This value of the FWHM equales the current
resolution of the STED microscope.
Following the results of those initial studies, the challenging goal to image serial sections

of a spatially extended specific structures was addressed.
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Figure 3.36: Confocal and STED images of synapses at the neuro-muscular junction of
the P0 muscle, after embedding and ultrathin sectioning immuno-stained
with ATTO590 against SNAP-25. A sketch of the cellular context is also
shown (bottom right). Section thickness: 75 nm. Scale bar: 200 nm.

Hence, the a NMJ, which is smaller than a brain circuit, was assumed to be a well-
suited test system. A NMJ of a very young animal is about 5µm in size. Axons run
together in several regions of a nerve, but then each one gives rise to synapses, comparable
to a trunk ending up in many little branches (see sketch in Fig. 3.36). Each muscle fiber
is connected to one of those synapses. So far it is unknown, how many axons end up
in a single of those synapses. Counting the total number of axonal inputs into a single
NMJ is therefore an interesting and challenging project, which gets accessible by high
resolution light microscopy. In addition, it would be interesting to investigate, if the
number of axons giving inputs to a single synapse changes when an animal grows older.
Electron-microscopy is not applicable in this context, since a specific effective labeling
method is lacking.
However, performing post-embedding staining on a large number of ultrathin sections

is quite laborious. Additionally, a large volume of antibody solution would be required.
Therefore, it is much more straight-forward to stain the whole tissue block before em-
bedding it into plastic. For the previously mentioned reasons, the fluorescent signal is
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significantly lower in such case. Furthermore, staining artifacts become more likely when
the antibodies have to penetrate a large tissue volume.
To specifically label the synaptic sites of a NMJ, synaptophysin was immuno-stained.

It is a prominent marker for synaptic vesicles and thus in this experiment instrumental.
In addition, neurofilaments were stained at the same time with the same color to facilitate
the orientation within the tissue block.
Three STED images of different synapses, immuno-stained before embedding, are

shown in Fig. 3.36. As the structures are not as bright as before (roughly a third of
the signal), the final resolution is less impressive. Thus, counting single axonal inputs is
hardly possible without additional image deconvolution. However, in comparison with
the confocal images, the substructure is much better resolved in the STED data.
An improving of the staining is definitely necessary to address the previously posed

question. Still, STED nanoscopy features the premise for further experiments in this
respect. Not only a single synapse will be reconstructable by imaging brightly labeled
ultrathin sections on tape. As a long-term objective, also the whole endplate of a NMJ,
comprising 100− 1000 single synapses, might be accessed.

Discussion

The presented results encourage more ambitious projects. Even the small site of a NMJ
opens up a number of interesting questions, which call for nanoscopic imaging techniques.
For some reasons optical methods might be favored in this respect.
However, talking about STED nanoscopy in particular, the next outstanding jobs are

obvious. One task is certainly to enable a larger region of interest to be addressed within
a single image scan. Ideally the scanning range would come up to the size of a whole
tissue section. This would dramatically reduce the reconstruction efforts for lager tissue
blocks.
Another issue is the performance of multi-color imaging (three or more colors) and the

imaging of FPs. However, especially, as the imaging of FPs themselves is problematic
in STED nanoscopy, this is inevitably accompanied with further advancement of the
immuno-staining protocols.
Even more challenging than the comparably small NMJ is the imaging of the con-

nectome. The connectome is a map of the full set of neurons and synapses within the
nervous system of an organism. The gold standard methods to reach the connectome are
tract tracing and also electron-microscopy, but both suffer from their own drawbacks.
Some progress has recently been made, when Lichtman and coworkers published their

brainbow approach [116, 113]. It allows to individually map a single neuron marked by
its unambiguous color over a long distance. Still, the entire wiring of single neurons
is an untouched land. While confocal methods do not allow a nanoscopic insight into
the latter, electron-microscopy suffers from the lack of specific markers for an individual
neuron. This makes the tracking of axonal processes over a long distance highly complex.
STED nanoscopy might have a key function in this respect. Identifying a single neuron
over large distances is possible by the omni-presence of GFP in its interior. Together
with the provided resolution a detailed study even of very tiny processes is a realistic

94



3.5 Application III: Nanoscopy on mammalian tissue

aim.
On top, a correlative study with EM of the same tissue would allow to identify

synapses along the neuron and thus comprise to the construction of the whole connec-
tome. However, in other experiments, alternative nanoscopy methods might be superior
to STED. Although the data acquisition is faster compared to other techniques, in partic-
ular electron-microscopy, STED nanoscopy is substantially limited concerning the direct
imaging of FPs, multicolor-imaging, and the scanning range addressable within a single
image.
All these problems might be less severe in stochastic widefield techniques like PALM

or STORM. Still, they also do not offer a state-of-the-art solution. Especially if specific
immuno-staining is demanded, a thorough labeling gets even more critical in those meth-
ods. In addition, the fluorescence background of either the collecting plastic tape or the
embedding media will restrict those methods to very bright structures.
But for all that, the highest possible spatial resolution is provided by electron-microscopy.

Even for SEM, which is faster and more straight-forward than TEM, a reproducible res-
olution of 5 nm is the standard. Thus, it will always be a nice complementary tool in cor-
relative studies. While the specific staining of structures might be less straight-forward,
the embedding of fluorescent structures into their peripheral context is unmatched by
any other method.
To summarize, each available nanoscopic method will certainly have its place in one or

the other application. But all of them have one challenge in common: Imaging a whole
mouse brain takes a tremendous amount of imaging time, no matter whether it is done by
electron- or light-microscopic methods. And even more, the resulting data volume is just
terrific. Therefore, one is well advised to balance out between a nanoscopic resolution
and the sample volume. For the studying of processes at a single synapse or a single
neuron nanoscopic resolution might be truly valuable. For a whole brain, in particular
of larger animals as mice, it is at the moment utopistic.
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In this thesis, ultrathin sections of biological tissue were successfully investigated by
St imulated Emission Depletion (STED) nanoscopy. Due to scattering and aberrational
effects, thick biological structures are difficult to image with visible light, particularly
at the highest resolution. Here, these problems were effectively addressed by a novel
technique resting on ultrathin sectioning of the sample to a thickness well below the
wavelength of light (typically 50− 100 nm).
Due to three main reasons, the usual problems occurring during the investigations

of thick samples are avoided with this technique. First, the explored sample volume
within the (confocal) focus is significantly reduced through ultrathin sectioning. As a
result, fluorescence from off-focal planes is absent, giving rise to a markedly increased
imaging contrast. Second, dense structures are clearly revealed with subdiffractional
axial resolution at distances below the size of a confocal spot. At the same time, this
also increases the probability to detect dim features of the sample. Third, each ultrathin
layer of the specimen is investigated independently, such that destructive photo-bleaching
in the periphery of the focal plane is avoided enabling a high resolution study throughout
the whole labeled structure.
Ultrathin slices require embedding of the samples into polymers. As a first step,

this study involved a range of tests addressing the suitability of three commercially
available embedding media, i.e. epoxide, acrylate and melamine resins. Specifically,
their refractive index and their auto-fluorescence at various excitations wavelengths were
tested. Furthermore it was investigated, if the spectroscopic properties (absorption or
emission spectra, fluorescence lifetime, quantum yield) of selected fluorophores are altered
upon embedding
Based on these initial studies, the concept of fluorescence inhibition by STED was

validated on biological, ultrathin sectioned samples and applied to the imaging of various
proteins. An over-all subdiffractional resolution was achieved on spotty structures like
nuclear speckles, histones or clustered synaptic proteins, as well as on cellular filaments
such as tubulin and vimentin. A lateral resolution below 30 nm was also observed on
50 nm thin sections of the tightly packed inner-mitochondrial membrane.
A single-cell layer of cultured neurons was analyzed in more detail. It was shown that

ultrathin sectioning in combination with STED allows one to reveal the exact position
of synaptic proteins within a dead synapse. It was also shown that ultrathin sections
are easy to combine with two-color STED imaging, facilitating colocalization studies
on different synaptic proteins. Importantly, high-resolution images of adjacent sections
were successfully rendered yielding a three-dimensional two-color image of the protein
distribution in an axon.
In order to address a more complex organism, proteins of the nematode C. elegans were
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investigated. As suitable antibodies are rare for this organism, the structures of interest
were genetically encoded with fluorescent proteins. In contrast to organic fluorophores,
fluorescent proteins are highly sensitive to fixation and dehydration, which normally
give rise to a substantial loss of the proteinogenic fluorescence. However, sustaining the
signal is important especially for STED nanoscopy, where fluorescent proteins may suffer
from high power irradiation and accompanied photo-bleaching. To still allow the use of
fluorescent proteins, the common embedding protocol had to be adapted. High pressure
freezing in combination with soft fixation agents (KMnO4) and a controlled pH (∼ 7)
were employed to allow the imaging of the samples with STED with a lateral resolution of
about 50 nm. The explored protocol allows for the specific nanoscopic investigation of any
protein of the model organism C. elegans that can be genetically encoded with fluorescent
markers. To properly localize the measured structure within the worm, we aligned the
resulting image with electron-microscopic data of the identical ultrathin section.
Motivated by the long-term objective to investigate large samples with nanoscopic

resolution, STED nanoscopy was also successfully performed on ultrathin sections of
mammalian tissue. Imaging of the immuno-stained mouse tissue resulted in a high lateral
resolution below 30 nm. Bright samples were also subject to a stochastic technique called
GSDIM imaging. We showed that these data do in fact compare with STED images,
and thus hold the future promise of GSDIM becoming a complementary technique to
STED. A further step into establishing a technique for probing large specimens was
taken by integrating the Automated Tape-collection UltraMicrotome (ATUM) into the
work flow. This substantially facilitates the reproducible collection of a large number
of serial slices by collecting them on a continuous plastic tape. STED was successfully
performed on ultrathin sections collected on plastic tape, illustrating the compatibility of
light microscopic high resolution techniques with these automatically prepared samples.
Importantly, this method avoids the laborious manual sectioning procedure, and thus
allows arbitrarily thick samples to be examined at nanoscopic resolution. However, the
fluorescence labeling of spatially extended tissue blocks calls for further improvement.
To conclude, the field of optical far-field imaging was dramatically stimulated by the

upcoming of several methods to undercut the diffraction limit of resolution. Currently,
their further refinement is mainly limited by the size, the brightness and the photosta-
bility of the applied fluorescent labels. Their success is supported by fast progress in
the computational handling of large data volumes and the increasing variety of tools
for sample preparation, particularly in the field of specific labeling. Based on this, the
examination of more and more complex organisms with nanoscopic resolution might be
enabled. This includes the investigation of ever larger and thicker samples - the limits
remain to be explored.
However, the weak point of all optical high-resolution methods remains the three-

dimensional investigation of arbitrarily thick samples. This holds for STED or RESOLFT
techniques, as well for stochastic methods like PALM and STORM. Some sophisticated
approaches tackle this difficulty and provide a high three-dimensional resolution on semi-
thick samples (e. g. isoSTED or iPALM), but at the cost of a complex setup and/or data
processing, respectively. Hence, mechanical ultrathin slicing is an interesting complement
for all optical high-resolution methods. At the outset, due to sample-thicknesses of only
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a few tens of nanometers, this method enables a nanoscopic axial resolution even for
straight-forward high-resolution techniques.
Stochastic widefield techniques can benefit even more from the mechanically introduced

reduction of the observed sample volume. In the most basic imaging modes, a precise
axial localization of the detected signals is not possible. In addition, a dense labeling of
the sample decreases the imaging contrast and impairs the lateral resolution significantly.
Thus, mechanical ultrathin sectioning can substantially refine both the axial and the
lateral resolution of stochastic high resolution techniques. This is possiple inspite of the
fact that the imaging contrast might be lowered by a perturbing auto-fluorescence of the
embedding medium. Beyond that, in some applications, stochastic imaging might feature
certain advantages over STED imaging. First, a larger region of interest can be imaged
at once, second, the imaging of fluorescent proteins is more compatible with stochastic
methods and third, multi-color imaging can be performed with less complex setups.
The present work established that STED imaging on mechanically prepared ultrathin

sections provides a powerful tool to address numerous questions of life science. To this
end, five valuable techniques, which previously proved indispensable for the study of
biological structures, were successfully employed to complement the method, i.e. two-
color imaging, three-dimensional image reconstruction, the investigation of fluorescent
proteins, correlative studies by electron-microscopy and the imaging of serial sections
on continuous plastic tape. Beyond that, ultrathin sectioning also holds the promise of
significantly improving stochastic high-resolution far-field methods.
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Polymerization of embedding media for screening
experiments (Section 3.1)

Nanoplast The embedding kit was bought from Polysciences, Inc. (Warrington, PA)
For the reaction mixture 1 g of MME7002 (hexamethylolmelamine-methyl ether, 70 %
solution in water) were stirred with 0.025 g of B52 (p-toluene sulfonic acid) until a clear
solution with a pH of about 4 was formed. The mixture was either directly added onto
a glas coverslip or onto cells in an aqueos buffer using a BEEM mold (Plano GmbH,
Wetzlar, Germany) for shaping the block. The sample was stored in a desicator without
vacuum over silica gel at RT for 24 h and afterwards at 40◦C for another 24 h to ensure
infiltration and drying of the polymer. Subsequently it was removed from the desicator
and put at 60◦C for another 48 h for polymerization.
As the embedding kit was not commercially available anymore, the reaction mixture

was formed by solving p-toluene sulfonic acid (0.025 g, Sigma-Aldrich GmbH, Taufkirchen,
Germany) in distilled water (0.295 g) and adding HMME (hexamethylolmelamine-methyl
ether 0.69 g,, TCS Europe) afterwards.

Araldite 6005 Araldite6005 was bought from SPI supplies/Structure Probe, Inc., West
Chester, PA. For the reaction mixture 1ml Araldite 6005 (resin) was mixed with 1.0ml
DDSA, 0.5ml BDMA and 0.3ml DBP. The mixture was cured at 80◦C for 12 h.

Durcupan The embedding kit was ordered from Fluka AG, Buchs, Schweiz. 0.5ml of
component A were shaked with l of component B. Afterwards l of component C were
added yielding abrown solution. Finally 0.02ml of component D were added. Curing
was performed by storing the sample at 45◦C for 1 d and 60◦C for another 4 d.

Epon812 The components were ordered at Serva Electrophoresis GmbH, Heidelberg,
Germany.5.0 g of Epon812 (glycid ether 100) were mixed with 5.5 g of DDSA, 1.25 g NMA
and 0.3 g BDMA, while avoiding air bubbles to form. Curing was perforemd at 60◦C for
4 d.

Poly/Bed 812 The reaction kit was bought from Polysciences Ing. Warrington, PA,
USA. 5ml of Poly/Bed 812 were mixed with 3ml DDSA, 1ml NMA and 1ml DMP-30
unter N2-atmosphere. The polymerization was performed at 60◦C for 24 h.
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Quetol 651 The reaction kit was bought from Polysciences Ing. Warrington, PA, USA.
1.65ml Quetol 651 (ethylene glycol diglycidyl ether) were added to 3.35ml of NSA and
after addition of 0.1ml DMP-30 and mixing polymerized at 60◦C for 24 h.

Spurr Low Viscosity The reaction kit was bought from Polysciences Ing. Warrington,
PA, USA. 2.75ml NSA were mixed with 1.0ml VCD, 0.1ml DER736 and 0.25ml DMA.
The reaction mixture was cured at 70◦C for 24 h.

Lowicryl K4M The Lowicryl kit was bought from Polysciences Ing. Warrington, PA,
USA. 0.27 g of crosslinker A, 1.73 g of monomer B and 0.01 g DBP were mixed by bubbling
N2 through the reaction mixture to avoid the solution of oxygen during stirring. The
samples were polymerized at 60◦C within 4 d.

Lowicryl K11M Using the same reaction kit as for Lowicryl K4M 9.5 g monomer I, 0.5 g
crosslinker H and 0.05 g initiator C were mixed by bubbling N2 through the reaction
mixture. Polymerization wad induced by UV light within 24 h.

Lowicryl H20M Using the same reaction kit as for Lowicryl K4M 1.12 g of crosslinker
D, 6.38 g of monomer E and 0.05 g DBP were mixed by bubbling N2 through the reaction
mixture. The samples were polymerized at 60◦C within 4 d.

LR White The LRWhite embedding kit was purchased from Fluka AG, Buchs, Schweiz.
The prepolymerization was done by adding 9.9 g catalyst to a 500ml bottle of LR White
resin and thoroughly shaking. This mixture was stored at RT and upon usage directly
polymerized within 24 h at 60◦C.

JB4 The reaction kit was bought from Polysciences Ing. Warrington, PA, USA. 0.083 g
of the catalyst were completely solved in 6.7ml of solution A (monomer) under N2-
atmosphere. Subsequently 0.27ml of solution B (initiaor) were added. The polymeriza-
tion took place under cooling on ice and exclusion of oxygen within 4 h.

Unicryl Unicryl was bought from Science Services, London, UK and could directly be
used for polymerization. The curing was performed at 50◦C within 2 d.

Microbed Microbed was purchased from Electron Microscopy Sciences, Hatfield, PA,
USA and could directly be polymerized at 50◦C within 2 d.

Immuno-staining of samples (Section 3.2)

PTtK2 (kangaroo rat) or Hela cells cells were grown on cover slips. Cells were fixed with
4 % PFA (Sigma-Aldrich GmbH, Taufkirchen, Germany) in PBS (pH 7.4) for 10min at
37◦C and blocked with 2 % BSA (Sigma-Aldrich GmbH, Taufkirchen, Germany) in PBS.
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Subsequently, cells were for 2 h at 22◦C incubated with monoclonal antibodies diluted in
PBS against several proteins:
mouse-anti-vimentin (Sigma-Aldrich GmbH, Taufkirchen, Germany);
rabbit-anti-β-tubulin (Sigma-Aldrich GmbH, Taufkirchen, Germany);
rabbit-anti-H3S10pH (Epitomics Inc., Burlingame, CA, USA);
rabbit-anti-giantin (abcam, Cambridge, MA, USA);
mouse-anti-SNAP-25 (71.1, Synaptic Systems, Göttingen, Germany);
mouse-anti-Sc35 (BD Pharmingen, San Diego, CA);
rabbit-anti-synaptophysin [92]
After several washing steps, the primary antibodies were detected with secondary anti-

bodies (Dianova GmbH, Hamburg, Germany) labeled with various ATTO-dyes (ATTO-
TEC GmbH, Siegen, Germany). To this end, the secondary antibodies were diluted in
PBS and apllied for 2 h at 22◦C, followed by washing with PBS and fixation with 4 %
PFA in PBS for 5min. In case of Giantin the primary antibody was detected by a
Fab-fragment (Dianova GmbH, Hamburg, Germany).

Ultrathin sectioning (Section 3.2-3.4)

The polymerized blocks were detached from the coverslips by dipping them into liquid
nitrogen and cut with an ultramicrotome (EM UC6, Leica Microsystems GmbH, Wetzlar,
Germany) using an ultrasonic diamond knife (Diatome AG, Biel, Switzerland). The slices
were directly transferred onto glass coverslips.

Preparation of Mowiol and section embedding (Section
3.2-3.3)

25 g Polyvinylalcohol (Polysciences, Inc., Warrington, PA, USA), 88 % hydrolyzed, MW
25.000, and 0.12 g DABCO (Sigma-Aldrich GmbH, Taufkirchen, Germany) were under
slight heating solved in 100ml distilled, steril water. The mixture was stored in small
amounts at −20◦C. For embedding of sections on glass coverslips, an additional plasma-
cleaned glass coverslip was spin-coated with about 50µl of the prepared solution for
20 s at 5000 rpm and added on top of the section before drying of the Mowiol solution.
Imaging was performed after drying of the Mowiol.

Immuno-staining of mitochondria (Section 3.2)

PTtK2 (kangaroo rat) cells were grown on cover slips. Cells were fixed with 8 % PFA
(Sigma-Aldrich GmbH, Taufkirchen, Germany) in PBS (pH 7.4) for 10min at 37◦C,
extracted with 0.1 % SDS (Sigma-Aldrich GmbH, Taufkirchen, Germany) in PBS, and
blocked with 5 % BSA (Sigma-Aldrich GmbH, Taufkirchen, Germany) in PBS. Subse-
quently, cells were incubated with a monoclonal mouse antiserum directed against the
alpha subunit of the mitochondrial F1F0ATPase (Molecular Probes, Eugene, OR, USA).
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The primary antibodies were detected with secondary antibodies (sheep anti-mouse;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) custom labelled with
the fluorophore KK114[171]. For isoSTED imaging, the PBS buffer was exchanged by a
dilution series with TDE in PBS, finally resulting in an embedding medium of 97 % TDE
(Fluka AG, Buchs, Schweiz) in PBS. For ultrathin sectioning the cells were embedded in
Nanoplast. The sections were taken up on glass coverslips and embedded in an medium
of 97 % TDE in PBS without application of a dilution series.

Immuno-staining of neuronal hippocampal cells (Section 3.3)

Rat hippocampal neurons were grown onto astrocytic monolayers. If necessary to facili-
tate the registration of neighboring xy-images within a z-stack, the cells were incubated
overnight with a diluted suspension of two-color fluorescent silica beads at 37◦C. After
fixation with PFA and permeabilization, achieved using 0.1 % Triton X-100 for 10min
(both Sigma-Aldrich GmbH, Taufkirchen, Germany) the following antibodies were used
diluted in PBS for immuno-staining (5min at 37◦C): anti-synaptophysin [92], anti-
SNAP-25 (71.1, Synaptic Systems, Göttingen, Germany), anti-syntaxin1 (HPC-1[7]),
and anti-β-tubulin (Sigma-Aldrich GmbH, Taufkirchen, Germany). After several wash-
ing steps with PBS secondary antibodies (Dianova GmbH, Hamburg, Germany) labeled
with ATTO532 (ATTO-TEC GmbH, Siegen, Germany), ATTO647N or ATTO633 flu-
orescent dyes were apllied for 2 h at 22◦C, followed by washing with PBS and fixation
with PFA in PBS. Finally cells were embedded in Nanoplast. Ultrathin sections were
taken up on glass coverslips and embedded in Mowiol.

Staining of fluorescent silica beads (Section 3.3)

For staining the NHS-functionalized fluorescent silica beads (sicastar1-greenF, 300 nm,
NH2- functionalized, 50mg/ml, micromod GmbH, Rostock, Germany) 70µg of ATTO633-
NHS-ester (ATTO-TEC GmbH, Siegen, Germany) were solved in 10µl of dry DMSO.
Afterwards 500µl of the bead solution were added, ensuring the pH to be between 8 and
9. The mixture was stirred at room temperature for 1 h. The beads were seperated from
the solution by centrifugation (5000 rpm) and several times washed with Milipore water.

Matlab script for the analysis of the protein cluster
localization at synaptic vesicle sites (Section 3.3)

function do_analysis(spamdir, varargin)
Do the analysis on all files in the current directory using the corresponding cluster

positions from the ’spamdir’ given. The script counts up from 00 to 99 and looks for files
named xx-vis-... and xx-ir-... and a corresponding xx-... .spam file in the subdirection. It
then does some thresholding operations on the ’ir’ file, obtaining a mask that is supposed
to mark the vincinity of release sites derived from areas with a high concentration of
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vesicles (synaptophysin). Next, it simply counts all clusters found in the ’vis’ file manually
and saved in the ’position’ files that are within the mask and those outside the mask.
The results for all files found are accumulated. It also calculates the average brightness
of the clusters inside vs. outside the mask by integrating the intensity within a small
rectangle around the cluster center.
params.debug = false;
% radius of the disk within which the intensity of a cluster is
% determined. params.r_c = 2; % radius of the erosion disk
params.r_e = 5;
% radius of the dilation disk
params.r_d = 13; % we threshold at this percentage of the 90
% median params.bg_thresh = 40;
% subtract background ? which radius params.r_bg = 0;
params = spam_read_params(params, varargin);
strel_erode = strel(’disk’, params.r_e, 0); strel_dilate = strel(’disk’, params.r_d, 0);
strel_clust = strel(’disk’, params.r_c, 0);
nhood_clust = getnhood(strel_clust); total_in = 0;
sq_in = 0; total_out = 0;
sq_out = 0; counts_in = 0; counts_out = 0;
for i = 0:99 s_fn = sprintf(’%02d’, i);
try
% read the first stack with >= 2 dimensions img_ir = omas_bf_read([ s_fn ’-ir*’ ],

-2, ’double’);
img_vis = omas_bf_read([ s_fn ’-vis*’ ], -2, ’double’);
catch
% if this file does not exist, jump over it continue end spam = spam_load([ spamdir

filesep s_fn ’-*.spam’ ]);
fprintf(’Analysing %s ...\n’, s_fn);
% Calculate the threshold and then create the mask img_ir_mbg = img_ir > params.bg_thresh;
thresh = mean(img_ir(img_ir > params.bg_thresh));
img_ir_mask = img_ir > thresh;
img_ir_erode = imerode(img_ir_mask, strel_erode);
img_ir_mask = imdilate(img_ir_erode, strel_dilate);
if params.debug subplot(1,4,[1]);
imagesc(img_ir);
colormap(’jet’);
subplot(1,4,[2]);
imagesc(img_ir_mbg);
subplot(1,4,[3]);
imagesc(img_ir_erode);
subplot(1,4,[4]);
imagesc(img_ir_mask);
input(’next’);
end img_vis_mask = zeros(size(img_vis));
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if params.r_bg > 0 img_vis_bg = spam_bg_gauss(img_vis, 5*params.r_bg, true);
else img_vis_bg = img_vis;
end for j = 1:size(spam.events, 1) pos = round(spam.events(j, [3 4]) + .5);
[ cnts, img_vis_mask ] = get_intensity(pos, img_vis_bg, nhood_clust, img_vis_mask);
if cnts > 0 if img_ir_mask(pos(1), pos(2)) > 0 total_in = total_in + 1;
sq_in = sq_in + cnts^2; counts_in = counts_in + cnts;
else total_out = total_out + 1; sq_out = sq_out + cnts^2; counts_out = counts_out

+ cnts;
end
end
end
omas_bf_write([ s_fn, ’-masks.obf’ ], { double(img_ir_mask), double(img_vis_mask)}

);
end
f_in = total_in/(total_in + total_out);
avg_in = counts_in /total_in; avg_out = counts_out/total_out;
sigma_in = sqrt(( sq_in/total_in - avg_in^2)/total_in);
sigma_out = sqrt((sq_out/total_out - avg_out^2)/ total_out);
fprintf(’fraction:\n\t inside: %2.2f\n\toutside: %2.2f\n’, f_in, 1-f_in);
fprintf(’average counts:\n\t inside:
%f (+- %f)\n\toutside:
%f (+- %f)\n’, avg_in, sigma_in, avg_out, sigma_out);
end
function [ i, slice_add ] = get_intensity(center, slice, nhood, slice_add) s = floor(size(nhood)/2);
% left, top, right and bottom of the event l = round(center(1) - s(1)); t = round(center(2)

- s(2));
r = round(center(1) + s(1));
b = round(center(2) + s(2));
if (l < 1) || (t < 1) || (r > size(slice, 1)) || (b > size(slice, 2)) i = 0; return;
end
if nargout > 1 slice_add(l:r, t:b) = max(slice_add(l:r, t:b), nhood);
end
% right now I am adding rectangles event = slice(l:r, t:b);
i = sum(sum(event .* nhood));
end

Preparation of C.elegans specimen (Section 3.4)

Automated freeze substituion (AFS) The fixative was produced by dissolving 0.1 %
KMnO4 in 5 % water. Afterwards 95 % acetone are added. The specimen were incubated
with the solution for 48 h at −90◦C. (Longer incubation does not seem to influence the
fluorescence level.) Afterward the specimen were thawed to −20◦C with a thawing rate
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of 5◦C/h. Finally the specimen were kept at −20◦C for 2 − 8 h. (Incubation time at
−20◦C influences the fluorescence level-the shorter, the brighter.)

Washing and ethanol substitution The following steps were performed at −20◦C:
two times 30 % ethanol, 65 % acetone and 5 % water for 1 h,
two times 70 % ethanol, 25 % acetone and 5 % water for 1 h,
two times 95 % ethanol and 5 % water for 1 h.

Infiltration with LR White The infiltration was performed at −20◦C. Two solutions of
either ethanol (in the following assigned as A) or LR White (in the following assigned as
B) with 5 % of water in each were produded and precooled to −20◦C. The solution of LR
White was at first stirred using a wooden stick, untill it geot clear and afterwards mixed
with nitrogen gas. The polymerization was initialized chemically after walking through
the following steps:

30 % B, 70 % A and 0.05 % LR White accelerator for 5 h,
two times 70 % B, 30 % A and 0.05 % LR White accelerator for 6 h,
two times 95 % B, 5 % A and 0.05 % LR White accelerator for 1 h
95 % B and 5 % A over night (addition of accelerator would yield in polymerization),
transfer of the samples into the embedding mold,
95 % B, 5 % A and 0.05 % LR White accelerator for 2 h,
two times 95 % B, 5 % A and 0.1 % LR White accelerator for 1 h.

Polymeriztaion of LR White The polymerization of the infiltrated specimen was per-
formed by adding 95 % B, 5 % A and 0.15 % LR White accelerator for 24 h at −20◦C.
During polymerization the samples were covered with Aclar film to prevent the contam-
ination with oxygen.

Preparation of mouse tissue (Section 3.5)

The used chemicals were received from Sigma Aldrich (St. Louis, MO, USA), except for
PFA, LR White and Epon resin. The latter were obtained from TedPella (Redding, CA,
USA).

LR White embedding Transgenic mice were heart perfused with of 4 % PFA in 0.1M
PBS. The desired tissue was then removed using sharp scissors and post-fixed for 24 h at
40◦C. The tissue was washed three times with PBS for 5min.
The samples were dehydrated and incubated with the monomer solution according to

the following dilution series:
50 % ethanol for 10min,
70 % ethanol for 10min,
95 % ethanol for 10min,
50 % ethanol and 50 % LR White 1 h,
30 % ethanol and 70 % LR White 1 h,
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three times pure resin for 1 h,
pure resin over night at 4◦C.
The specimen were placed at the bottom of an embedding mold, which was then

filled with LR White (medium grade) and polymerized for 14 − 48 h at 60◦C. The
polymerized blocks were trimmed and cut using an custom-built ATUM unit, equipped
with a diamond knife. Subsequently they were taken up on gelatin coated microscope
glass slides. Afterwards they were sent to Göttingen. The slides were heated to 90◦C on
a heat plate before staining.
The post-embedding immuno-staining was performed according to the following pro-

tocol:
50mM glycine in TRIS buffer (50mM) for 5min,
blocking solution of 1 % BSA in TRIS buffer for 15− 30min,
incubation with primary antibody (rabbit-anti-GFP, Milipore GmbH, Schwalbach,

Germany, 1 : 100 in blocking solution) over night at room temperature,
three times washing with TRIS buffer for 1min,
incubation with secondary antibody (Dianova GmbH, Hamburg, Germany) coupled

to ATTO590 or ATTO532 (ATTO-TEC GmbH, Siegen, Germany) in blocking solution
(1 : 100) for 1− 2 h at room temperature,
three times washing with TRIS buffer for 1min.
The sections were subsequently embedded in mowiol.

Epon embedding Postnatal day 0 pups were anesthetized using 0.1ml pentobarbital.
Afterwards they were heart perfused with 50ml of 2 % PFA in 0.1M PBS. The desired
tissue was then removed using sharp scissors and post-fixed for 30min.
In case of pre-embedding staining, the tissue was washed two times with PBS and

for 24 h incubated with a solution of 4 % BSA and 1 % Triton in PBS. Afterwards,
the primary antibody (rabbit, anti-GFP, Chemicon) is diluted to 1/300 and added on
the tissue for 3 d. After three times washing with PBS for 5min each, the tissue was
incubated with the secondary antibody (Dianova GmbH, Hamburg, Germany), which
previously had been coupled to ATTO590 (ATTO-TEC GmbH, Siegen, Germany) in
PBS, containing 1 % BSA and Triton respectively for one day. Subsequently the tissue
was again washed three times with PBS and post-fixed for 1 h.
The either stained or untreated tissue was again washed with PBS for three times

(each time up to 5min) and incubated with epon resin by the following dilution series:
two times 50 % ethanol for 15min,
70 % ethanol for 15min,
95 % ethanol for 15min,
two times 100 % ethanol for 15min,
50 % ethanol and 50 % propylenoxid for 30min,
100 % propylenoxid for 30min,
50 % propylenoxid and 50 % epon resin for 2 h,
three times pure resin for 2 h and one time for 24 h.
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Afterwards the tissue was placed into fresh-made resin, which was then polymerized
for 48 h at 60◦C.
The polymerized blocks were trimmed and cut using an custom-built ATUM unit,

equipped with a diamond knife.
The sections were collected automatically on lumox tape.
In case of post-embedding staining the sections are treated with solution of 15 g NaOH

in 100ml ethanol. Afterwards they were hydrated with a descending alcohol series to
50 % ethanol and subsequently immersed in TRIS buffer for 10min. Then they were
blocked with 1 % BSA in TRIS and incubated with the primary antibody (anti-GFP,
Chemicon, 1/300 in blocking solution) for 24 h at 4◦C. After several washing steps with
TRIS buffer, the same secondary antibody as above was added for 2 − 4 h (1/300 in
blocking solution). Finally, the sections were washed three times with TRIS buffer and
mounted in Vectashield to be sent to Göttingen.
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