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1 Abbreviations

2D/3D
AD
ATUMtome
BSE
CLEM
CLSM
CPC
DAB
DIC
DNA
EDX
EFTEM
EM
ER
ERGIC
EsB
FIB
Fig.
FS
GB
GFP
HPF
IC
keV
kV

LM
MT
NE
OCSs
OTO
PALM
PE
ROI
rOTO
SB
SE
SEM
SIM
STEM
STORM
TB
TEM
VTC

two-dimensional/three-dimensional
Alzheimer’s diseases

tape collecting ultramicrotome
backscattered electron(s)

correlative light and electron microscopy
confocal laser scanning microscopy
chromosomal passenger complex
diaminobenzidine

differential interference contrast
deoxyribonucleic acid

energy dispersive X-ray analysis/spectroscopy
energy-filtered transmission electron microscopy
electron microscopy(ic)

endoplasmic reticulum

ER-Golgi intermediate compartment
energy selective backscattered (electron)
focused ion beam

Figure

freeze-substitution

gigabyte

green fluorescent protein

high-pressure freezing

intermediate compartment

kiloelectronvolt

kilovolt

light microscopy(ic)

microtubule

nuclear envelope

open canalicular system
osmium-thiocarbohydrazide-osmium
photoactivated localization microscopy
primary electron(s)

region of interest

reduced osmium-ferrocyanide-thiocarbohydrazide-osmium
serial block-face

secondary electron(s)

scanning electron microscopy(ic)
structured illumination microscopy
scanning transmission electron microscopy
stochastic optical reconstruction microscopy
terabyte

transmission electron microscopy(ic)
vesicular tubular clusters
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4 Summary

A portfolio of technical improvements was developed for precise and economic correlative light
and scanning electron microscopy and FIB/SEM serial block-face imaging, comprehending
correlative investigations of single cells and large tissues sections. Customized coordinate
systems for slides and cover slips were developed for thin and ultra-thin embedding for a wide
range of biological specimens, ranging from prokaryotic (<1 um) to eukaryotic cells (>10 um).
Immobilization of biological samples was examined with a variety of adhesives. For vibratome
sections or biological specimens, which cannot be immobilized or being fragile, a filter system
was developed for flat embedding. Ultra-thin embedding on laser marked slides or cover slips
has proven to fulfill all demands for efficient, high resolution CLEM. As target cells or target
regions can be re-located within minutes in SEM, without acrobatics and risky trimming,
correlative investigations were reduced to a minimum of preparation steps, though reaching
highest resolution. FIB/SEM milling procedure is facilitated and significantly accelerated as: i)
milling a ramp becomes needless, ii) re-deposition of milled material does not occur and iii)
charging effects are significantly reduced. Optimizing all technical parameters (choice of beam
stable resins, prolonged polymerization, rOTO fixation/staining, short exposure times)
FIB/SEM stacks with 2 nm iso-voxels can be achieved over thousand sections. In combination
with the in-lens SE signal, with better resolution and a much better signal to noise ratio,
exposure time of a single image can be reduced by 30-50% and with a modified contrast
enhancement (rOTO) even by 70%. FIB/SEM, with its unsurpassed resolution in z-direction is
the perfect bridge between high resolution LM, and TEM tomography. Several scientific
questions involving CLEM could be addressed precisely and efficiently by and ultra-thin
embedding in routine in an economic way. The feasibility was demonstrated by: i) 3D
reconstruction of dictyosomes and mitochondria of stress induced Micrasterias ii) migration of
human platelets on fibrin(ogen) coated slides to collect and bundle bacteria as innate immune
response; iii) application of CLEM to different stages of mitosis in HelLa cells, including nuclear
envelope breakdown and reconstitution; Golgi disassembly and reconstitution, formation of
midzone and midbody and iv) in vivo 2-photon microscopy of dendrites of the somato-sensory
cortex in mouse brain, combined with high-resolution FIB/SEM.
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5 Zusammenfassung

Fur prazise und 6konomische korrelative Licht- und Rasterelektronenmikroskopie sowie
FIB/SEM Mikroskopie wurde ein Portfolio technischer Verbesserungen entwickelt, das
korrelative Untersuchungen von Einzelzellen und groReren Gewebeschnitten umfasst.
Objekttrager und Deckglaser, mit speziellen Koordinatensystemen, wurden flr eine
dunne/ultradiinne Einbettung, fir eine Vielzahl biologischer Proben, von prokaryotischen (<1
pm) bis hin zu eukaryotischen Zellen (> 10 ym), entwickelt. Zahlreiche unterschiedliche
Klebstoffe wurden fir eine Eignung zur Immobilisierung von biologischen Objekten untersucht.
Zur Flacheinbettung von Vibratom-Schnitten und biologischen Proben, die nicht immobilisiert
werden konnen oder sehr fragil sind, wurde ein Filtersystem entwickelt. Die Einbettung in
ultradiinne Schichten auf lasermarkierten Objekttragern oder Deckglasern erflllt alle
Anforderungen fir korrelative licht- und elektronenmikroskopische Untersuchungen.
Ausgewahlte Zellen oder Regionen kdnnen innerhalb von Minuten im SEM re-lokalisiert
werden, ohne riskantes Trimmen der Probe. Korrelative Untersuchungen werden dadurch auf
ein Minimum von Préaparationsschritten reduziert, ohne Beeintrachtigung der Hochauflésung.
Der FIB/SEM-Schneidevorgang wird vereinfacht da: i) das Schneiden einer Rampe entfallt, ii)
die Re-Deposition von abgetragenem Probenmaterial verhindert wird und iii) die Aufladungen
deutlich verringert werden. Durch die Optimierung aller technischer Parameter (Auswahl
strahl-stabiler Kunstharze, Verlangerung der Polymerisation-Zeiten; roTo
Fixierung/Kontrastierung, kurze Belichtungszeiten) konnten FIB/SEM-Bildstapel mit 2 nm Iso-
Voxel, von tausend Serienbildern aufgenommen werden. Durch den Bildeinzug mit dem in-
lens-SE-Signal, durch die hoherer Auflésung und das bessere Signal-Rausch-Verhaltnis, kann
die Belichtungszeit eines Einzelbildes um 30-50% und mit modifizierter Kontrastverstarkung
(rOTO) sogar um 70% reduziert werden. FIB/SEM stellt mit seiner uniibertroffenen Auflésung
in z-Richtung die ideale Brucke zwischen hochauflosender Lichtmikroskopie und TEM-
Tomographie dar. Zahlreiche wissenschaftliche Fragen, die eine Korrelation zur
Lichtmikroskopie benétigen, kénnen durch diinne/ultradiinne Einbettung prazise und effizient
in Routine durchgefiihrt werden. Das Potenzial der Methode wurde an verschiedenen
Untersuchungsobjekte gezeigt: i) 3D-Rekonstruktion von Dictyosomen und Mitochondrien
stressinduzierter Micrasterias Zellen; ii) Migration von Human-Thrombozyten auf Fibrin(ogen)
beschichteten Objekttragern, welche Bakterien in einer ersten Immunantwort aufsammeln; iii)
die Anwendung von CLEM auf verschiedene Stadien der Mitose von Hela-Zellen,
einschlieB3lich der Auflosung und des Wiederaufbaus der Kernhille; Golgi-Zerfall und
Rekonstitution, Bildung von midzone und midbody iv) in vivo 2-Photonenmikroskopie von
Dendriten des somato-sensorischen Cortex im Mausehirn kombiniert mit hochauflésender
FIB/SEM Mikroskopie.
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6 Introduction

6.1 From first Lenses to CLEM - Historical Aspects

The understanding of nature is limited by our own sensual perception. The primacy of our eyes
is self-explanatory for the longing for optical devices that magnify, either for medical,
astronomical and scientific reasons. A short journey through centuries should illustrate the
evolution of light microscopy to modern correlative light and electron microscopy (CLEM).
Here, the technical evolution from the first lenses, to microscopes, fixation of specimens,
development of staining, documentation, starting with art-like drawings and venturous
interpretation of results, is paralleled to the establishment of electron microscopy and finally
correlative light and electron microscopic approaches (Fig. 1). Constant improvements of
resolution, corrections of optical aberrations, development of better fixation, better knives,
better staining and contrast enhancements, precision of documentation and finally
interpretation of the data, is the same challenge today, admitted at a higher, much more
sophisticated scientific level, but with the same spiritual/intellectual claim to increase cognition
and to understand nature more profound. If not cited, many historical data are adopted from
“A History of Life Sciences” of (Magner, 2002).

History of light microscopy

Da Vinci (1452-1519) recommended the use of lenses in viewing small objects (Levin, 2013).
Perhaps the earliest recorded use of a magnifying instrument in a biological study may date to
1558: The Swiss biologist, Conrad Gesner (1516-1565) published studies on the structure of
foraminifera, with detailed drawings of these protozoa (Gesner, 1551; Raven, 2010). In the 17"
century Marcello Malpighi (1628-1694) was among the first, who used thin slices for light
microscopic investigations of animal tissues (brain, liver, kidney, spleen, lungs and tongue)
and plant tissues (Fig. 1 E). Robert Hooke’s (1635-1703) great discovery is the “cell” in 1665
(lat., cella = (little) room) when he examined a thin slice from a piece of dried cork (Fig. 1 C,
D), published under the title Micrographia (Hooke, 1665). The Dutch microscopist, Anton van
Leeuwenhoek (1632-1723) greatly improved the art of polishing lenses of short focal length,
approaching 270-fold magnification, but he never built a compound microscope (Fig. 1 A, B).
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Fig. 1 lllustrated foray through the history of light microscopy. Nearly all technical challenges from
past are in principle relevant today: quality of lenses and resolution of microscopes, staining, microtomy
and scientific documentation. Leeuwenhoek (1632-1723) used not a microscope sensu stricto but a high
magnifying lens (A) with magnifications up to 270-fold, allowing him to describe bacteria for the first time
(B). Hooke’s used a composite microscope (C) and gave us the term “cell” in 1665 derived from
observations of handmade sections of cork (D). Marcello Malpighi (1628-1694) was the first author, who
made detailed drawings of individual organs of flowers (E). Robert Koch used a microscope with
horseshoe stand and water immersion from Carl Zeiss 1882 (F) and after staining, he could observe
Mycobacterium tuberculosis (G), the specific causative agent of tuberculosis, photographed with a
bellows camera (H). An early technical accessory for light microscopy was the microtome. The rocking
microtome was invented by Sir Horace Darwin (1851-1928), the son of Charles Darwin. The microtome
was still available in the twentieth century (I; credit: Science Museum London).

He was the first to observe free-living cells in water drops, described in 1675 (Gest, 2004). His
sketches included numerous bacteria (bacilli, cocci, spirilla), protozoa, rotifers, and Hydra and
he first described the sperm cells of humans, and various animals. The English plant micro-
anatomist Nehemiah Grew (1641-1721) recognized the cellular nature of plant tissues much
more precise as Malpighi (Grew, 1682). Due to the limited resolution of the microscopes in
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17%-18" century, stagnation in scientific applications is recognized. Within the 19" century,
there was a renaissance of light microscopy for amusement of the microcosm as a parlor
game. A breakthrough in optics was given by the invention of achromatic double lenses as
objectives and in combinations of several within one objective by Selligue (1784-1845) and
Amici (1786-1863). However, a theory for construction of microscopes did not exist (Dippel,
1882). The usual way was testing and probing, which was necessary as the quality of glass
was inconsistent. A milestone was set by Schleiden (1804-1881), when he determined that
cells are the units of all tissues and that growth is bound to cell division. Theodor Schwann
(1810-1882) adopted Schleidens theory to zoology, publishing 1839 "Mikroskopische
Untersuchungen tiber die Ubereinstimmung in der Struktur und dem Wachstum der Tiere und
Pflanzen", which was the birth of cell biology (Schwann, 1839) and he introduced the term
“metabolism” to describe the activities of the cells (Bignold et al., 2007).

Summarizing the limitations of light microscopy at the beginning: lenses could be
manufactured only in small sizes due to the poor glass quality (mainly refraction anomalies, air
bubbles, impurities), resulting in low resolution and insufficient brightness, as external
illumination was not available. Biological objects have to be thin, that light can transmit, which
was a challenge in this period, without disposable razor blades and microtomes. The contrast
of cells and tissues is very weak (bacteria, brain, nerves etc.) and staining was not possible
due to the lack of specific dyes.

The basic inventions for scientific research were made within the 19" century. Joseph
Fraunhofer (1787-1826) was able to produce “schlierenfreies Flint-Glas” for correction of
chromatic aberration. His knowledge about spectroscopy enabled him to determine the
refractory index of glass and to use it for construction of objectives with higher resolution
(Lommel, 1888). Ernst Abbe defined the term "Numerische Apertur" (numerical aperture) and
therefore is credited for discovering the resolution limit of the light microscope. A less known
invention of Abbe is the “Abbesche Kondensor’ (= condenser), which concentrates and
controls the light that passes through the specimen, prior to entering the objective. A
precondition for producing thin section is an adequate fixation of tissues, to stop the
metabolism and to harden the tissue for better sectioning properties. Standard fixations in the
19" century were mixtures of ethanol and acetic acid, harsh, but effective. Pol Bouin developed
in 1897 a fixative based on picric acid, which hardens and conserves the tissues due to the
strong acidity (Ortiz-Hidalgo, 1992). The preservation of cellular ultrastructure was not a topic
in the 19" century. A major development in the world of histology originates from the dye
production industry. A notable chemist was William Henry Perkin, who accidentally discovered
at the age of 15, a dye called ‘mauveine’ (Hubner, 2006). This dye is still known as toluidine
blue, which is still a basic and most efficient dye. Wilhelm Waldeyer used hematoxylin to stain
nerve cells, in 1863. The next important step was the introduction of aniline-stains by Paul
Ehrlich, described in his dissertation and perfected within the next decade (Ehrlich, 1878). After
sectioning slices with razor knives, the first semi-automatic device for the preparation was
invented by George Adams, Jr. (1750-1795) and further developed by Alexander Cummings

25


http://en.wikipedia.org/wiki/William_Henry_Perkin
https://en.wikipedia.org/wiki/Alexander_Cummings

(1770). The device was hand operating, and the sample was held in a cylinder and sections
were created from the top of the sample by using a hand crank. The son of Charles Darwin,
Horace Darwin (1851-1928) invented the rocking microtome (Fig. 1 I), a new technology
developed in 1885 (Cattermole and Wolfe, 1987). It is not surprising that with culmination of
improvements of microscopes, dyes and accompanying techniques, an explosive development
of discoveries took place in the second half of the 18" century leading to the modern cell theory.

Figure 2: First observation of mitosis. First description of mitosis in plant cell by Eduard Strasburger
(1844-1912). From him originate the terms "cytoplasm” and "nucleoplasm” (A). (From: Lehrbuch der
Botanik von Dr. Eduard Strasburger; Gustav Fischer Jana, 1898). Drawing from Walther Flemming
(1843-1905) “Mitose des Zellerns” (mitosis of the nucleus) (B). From: Allgemeine Biologie von Oscar
Hertwig; Verlag Gustav Fischer, Jena 1906. Early drawing from Boveri (1862-1915) of mitotic stages of
sea urchin dated to 1901 (C). The centrosomes are very prominent compared to metaphase
chromosomes. (From: Allgemeine Biologie von Oscar Hertwig; Verlag Gustav Fischer, Jena 1906).

The cell theory was extended by Carl Wilhelm Néageli (1817-1891), who showed in 1846, that
plant cells arise from the division of pre-existing cells (Harris, 2000); he coined the term
"Zellmembran" (cell membrane) which corresponds to the plant cell wall today. In 1855, Rudolf
Virchow (1821-1902) confirmed the Nageli’'s principle and stated the fundamental: “omnis
cellula e cellula”. Albert von Kolliker discovered in 1857 the mitochondria, called “sarcosomes”.
Gregor Mendel’s revolution was the discovery of the principles of heredity in 1865. Anton
Schneider described the chromosomes for the first time as “nuclear filaments” in 1873. Eduard
Strasburger explained the mitosis in plant cells and introduced "Zytoplasma" (cytoplasm) and
"Nukleoplasma" (nucleoplasm) (Fig. 2 A) and in the same year, Edouard van Beneden
observed the centriole. Walther Flemming introduced the term “Chromatin” and described the
mitosis in animal cells in 1879 (Fig. 2 B). Further investigations of Theodor Boveri lead to the
structure of centrosomes in greater detail in 1888 (Fig. 2 C). At the end of the 19" century Otto
Hertwig published a monograph “Die Zelle und das Gewebe”, a general consideration of
structure and function of cells (Hertwig, 1898). He created cytology as an important branch of
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biology. The development of histology and cytology continued constantly within the 20"
century. Although significant breakthroughs were given by the invention of phase contrast by
Frits Zernike in 1932, the limitation of light microscopy defined by Abbe in 1876 made clear,
that a real revolution was necessary:

... Nur glaube ich, dai3 diejenigen Werkzeuge, welche dereinst vielleicht unsere Sinne in der
Erforschung der letzten Elemente der Korperwelt wirksamer als die heutige Mikroskopie
unterstitzen, mit diesem kaum etwas anderes als den Namen gemeinsam haben werden.”
(Abbe, 1904)

History of Electron Microscopy

The evolution of LM from simple lenses to modern natural science, which lasted about 300
years, was repeated in three decades to establish electron microscopy (Fig. 3). The revolution
came in the 1930s with the invention of the transmission electron microscope by Max Knoll
and Ernst Ruska. And within two to three decades, all the obstacles during the development
of light microscopy had to be mastered again with electron microscopy. Hans Walter Hugo
Busch (1884-1973) gave the basis for electron optics by suggesting, that magnetic fields could
be used to direct beams of electrons analogous to the way light is refracted by optical lenses,
which was verified by E. Ruska in 1929 in his diploma thesis in the laboratory of M. Knoll with
the title: “Uber eine elektrische Linse fiir Elektronenstrahlen “. In 1931, M. Knoll and E. Ruska
built the first transmission electron microscope with a rather poor magnification of 17:1 (Fig. 3
A). The basic innovation of magnetic lenses was the invention of the “Polschuh” (pole piece)
by Ernst Ruska and Bodo von Borries in 1933, allowing a magnification of 12000:1, surpassing
by far the magical border of light microscopy (Ruska, 1934). The achieved resolution was
already 50 nm! With delay, the pioneer work of Louis de Broglie was recognized as being
fundamental for electron microscopy: In his PhD thesis (1924) he postulated the wave nature
of electrons and suggested that all matter has wave properties (Broglie, 1925). Like Abbe, the
possibilities and limitations of electron microscopy could now be expressed as a physical
equation.
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Fig. 3 lllustrated foray through the history of electron microscopy. Ernst Ruska’s design drawing
for the first transmission electron microscope in 1929 (A). Manfred von Ardenne constructed the first
functional SEM in 1937 (B). Helmut Ruska, the brother of Ernst Ruska, made the first TEM micrographs
of phages on E. coli cells (C). Sophisticated improvement of the pole piece (objective lens) allowed high-
resolutions for TEM and SEM (D). With modern ultramicrotomes and diamond knifes (E) ultrathin
sections are cut and collected on copper grids (F), poststained with uranyl acetate and lead citrate
resulting in very good contrast of cellular membranes e.g. thylakoid membranes of a tomato chloroplast
(G; bar: 500 nm). Modern SEM reach 1 nm resolution at 1 kV, allowing imaging of T4 phages on E. coli
(H; bar: 50 nm). lon beam emitters are the centerpiece of FIB/SEM for milling of any material (I; © M.
Luckner & G. Wanner).

Fixation of tissues had to be improved, still used are classical receipts of Ferdinand Blum using
formaldehyde (Blum, 1893), Keith Porter and F. Kallman using osmium tetroxide as tissue
fixative in 1953 (Porter and Kallman, 1953) and David Sabatini introduced glutaraldehyde in
1963 as primary fixing agents (Sabatini et al., 1963). The combination of glutaraldehyde as
pre-fixation step, followed by osmium fixation was a great methodological advance, as it
preserves cytoplasmic structures (Ledbetter and Porter, 1963), a standard procedure till now.
Hardening of tissues was replaced by embedding of fixed specimens into acrylic resin,
introduced in 1949. The microtome had to be replaced by an ultramicrotome (Fig. 3 E). The
metal knives used in microtomes were too dull to create slices thin enough. In 1950, Harrison
Latta and J. Francis Hartmann discovered, that the edge of broken glass could be used to cut
thin sections of specimens (Latta and Hartmann, 1950) and in 1954, Humberto Fernandez-
Moran Villalobos (1924-1999) invented a knife made of diamond for ultra-microtomy
(Fernandez-Moran, 1954).
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As electron microscopic images are monochrome, specimens are no longer stained but
contrasted, which was and is a challenge since decades. Many protocols are listed in a gallery
(honored today by a fulminant renaissance), starting from potassium-permanganate (Lulft,
1956), followed by glutaraldehyde-osmiumtetroxide (Ledbetter and Porter, 1963),
glutaraldehyde + osmiumtetroxide-potassium ferricyanide (Hepler, 1981), glutaraldehyde +
osmium-thiocarbohydrazide-osmium impregnation (Friedman and Ellisman, 1981), or reduced
osmium-ferrocyanide-thiocarbohydrazide (Willingham and Rutherford, 1984). The introduction
of potassium permanganate, as a fixing agent by J. H. Luft (1956) and epoxy resins, as
embedding material by Glauert et al., (1956) led to the visualization of the cell membrane, and
finally, with improved fixation (glutaraldehyde/osmiumtetroxide) to a triple-layered structure,
7.5 nm thick consisting of two dense strata, each about 2.5 nm thick, bordering a light zone of
about equal thickness (Stillwell, 2016). This triple-layered pattern was observed in all cells
investigated. As soon as the unit membrane was discovered in the 1950s, a rapid development
in cytology took place. As potassium permanganate oxidizes proteins, the ribosomes were not
preserved. They were detected by G.E. Palade after fixation of tissues with Veronal-acetate
buffered OsO, solutions as routine fixative in electron microscopy (Palade, 1952). Within the
next two decades, a fascinating atlas of electron microscopy was available presenting any
ultrastructural detail with stunning quality, even measured with today standard. The 70s were
characterized by a rapid evolution of physiological techniques (sucrose gradients, cell
fractioning, enzyme characterization) in rivalry to the rather slow proceeding electron
microscopy pointed in “grind and find” countered by “seeing is believing”. To overcome the
artifacts of chemical fixation, cryo-fixations were developed, leading to high-pressure freezing
(HPF), already invented in 1961 by Hans Moor, but established as practical method in 1987
(Moor, 1987). Freeze substitution (FS) is required before embedding, which is still alchemistic,
although frequently successful.

Stagnation

Despite constant evolution of EM techniques (e.g. histochemical reactions, immuno-labeling
of proteins on ultrathin section), the great discrepancy between LM and EM could not be
bridged during 1970 to 1980. The fascination of biology, visualized by true color, life-imaging
LM in real time, slow motion of fast motion was confronted with static black and white
micrographs, representing a snap-shot of a selected small area of a specimen fixed in a way,
that artifacts had to be considered for any interpretation. Both methods could not provide 3D
impressions of cells and tissues. Serial sectioning with ultrathin sections was restricted to very
small volumes given by a few hundred sections with 70 nm thickness (Fig. 3 F) followed by
time consuming 3D-reconstruction (copying TEM data to wallboard, followed by jigsawing and
gluing) (Schétz et al., 1972). Summarizing, dynamic changes, visible in LM could not be easily
correlated to EM data least of all in a 3D context.

Drifting Apart and Reunion in Steps

The revolution started in the 1980s with the introduction of confocal scanning light microscopy
(CLSM) — an epochal sensation. However, CLSM could not show the structural origin of the
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signals. The review of Giepmans about bridging fluorescence microscopy and electron
microscopy brings it to the point:

"Exaggeratedly stated, with fluorescence microscopy, you almost see nothing, i.e., only your
fluorescent signal(s); with EM, you see everything, i.e., organelles, macromolecules and
membranes. Bridging dynamic imaging in living cells and ultrastructural examination of
proteins of interest opens a wide variety of possibilities to study protein localization, dynamics,
activity and function at high spatiotemporal resolution inside cells" (Giepmans, 2008).

Correlative light and electron microscopy (CLEM), as we understand it today, did not exist the
first 50 years of electron microscopy (Boyde, 1991; Hayat, 1987). An excellent overview is
presented by Schwarz and Humbel (2007). CLEM was proposed with the beginning of the EM
era and was for the next two decades a sophisticated, often acrobatic, field of research limited
to specialists. Enormous efforts were undertaken to enable or at least to facilitate a correlation.
One of the main problems persisted: a large, hydrated, living tissue with 3D color information
is processed to a small sample, embedded in resin, with imprecise orientation, which has to
be trimmed to appropriate size. Still, these essential preparation steps impede a correlation
between light and electron microscopy.

6.2 Volume Electron Microscopy

Five techniques are established for volume electron microscopy:

* TEM serial sectioning (Fig. 1A)

* (Cryo)-TEM tomography (Fig. 1 B)

* Array tomography (ATUMtome) (Fig. 4 C)

« Serial block-face sectioning (3View®) (Fig. 4 D)

* Focused ion beam scanning electron microscopy (FIB/SEM) (Fig. 4 E)

Confusion with “‘tomography”

Typically, in TEM/STEM/EFTEM the sample is tilted, projection images are acquired and then
used to reconstruct a tomogram, using some mathematical method. This is referred to
tomography, technically as c-tomography (c-computed as in CT scan). For SB/FIB/SEM the
sample is being cut, in a sense, it is true tomography, but it is not used conventionally, since it
creates confusion with EM tomography, mechanical cutting is not the principle of data
acquisition. The FIB/SEM data set is not mathematically reconstructed, as it is a direct product
of the milling process. Since, the term FIB-SEM tomography has already been used (as well
as array-tomography) in numerous publications, even in the title, it seems to be accepted (e.g.
(Beckwith et al., 2015; Cretoiu et al., 2015; Diblikova et al., 2018; Lutz-Meind! et al., 2015;
Villinger et al., 2012; Wanner et al., 2013). The manufacturer of the Auriga Cross Beam
Workstation (ZEISS) also uses the expression “FIB-SEM tomography” in their commercial
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announcements. Therefore, it seems to be justified, that this term is used throughout the

manuscript.
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Fig. 4 Comparison of
volume EM techniques.

A For TEM serial sectioning,
consecutive ultrathin sections
are collected on grids and
imaged separately with TEM.
B For TEM-tomography, thin
sections (0.3-1 um) are cut with
a diamond knife, collected onto
a grid, which is tilted in TEM *
70°. After registration and
back-projection a tomogram is
generated.

C Serial sections are cut with a
diamond knife, collected with
an automated conveyor belt
onto an adhesive tape
(ATUMtome), mounted onto
glass slides or silicon wafer
and investigated with a SEM.
D 3View®, the commercial
version of the invention of W.
Denk, manufactured by Gatan
with a built-in ultramicrotome
within the SEM. Serial sections
are cut with a moving diamond
knife and the block-face is
imaged after every section.

E FIB/SEM serial block-face
milling is achieved by tilting a
specimen in a SEM to 54°. An
ion gun is placed in the SEM at
the same angle, that sections
can be milled orthogonal to the
specimen surface. Block-face
images are taken at an angle of
36° with a SEM, either
backscattered electrons (BSE)
or secondary electrons (SE)
are detected. (© M. Luckner &
G. Wanner).

Cryo-TEM-tomography is the state of the art technique for structural preservation and
resolution of sub-cellular structures, however, with severe limitations for investigations of larger
volumes and the low signal-to-noise ratio of cryo-embedded specimens (Irobalieva et al.,
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2016). At present, section thickness is limited to ~500 nm, with a macromolecular resolution of
about 2 nm. The field of view is very small, in the range of 1-2 um?, due to the high magnification
necessary for high-resolution tomograms and restricted depth of focus by tilting (Dubrovsky et
al., 2015; Irobalieva et al., 2016). Array tomography is the state of the art version of the
classical serial ultrathin sectioning for TEM, now adopted to SEM (Peddie and Collinson, 2014,
Wacker et al., 2016; Wacker and Schroeder, 2013). Serial sections are cut with a diamond
knife, collected with an automated conveyor belt onto an adhesive tape (ATUMtome), mounted
onto glass slides or silicon wafer and investigated in a SEM using the BSE detector (Schalek
et al., 2011) (Fig. 4 A). Combining array tomography with a multi-oeam SEM technique (Zeiss;
MultiSEM), gigantic image stacks in the range of hundreds of TB can be obtained within a
rather short time with high-resolution (Eberle et al., 2015; Kemen et al.,, 2015). The
disadvantages of ultrathin sectioning (fragmented ribbons, changing section thickness,
precipitates, knife marks, section folds) persist and are even more critical, as e.g.
compressions cannot be compensated by stretching. However, the sections can be re-
investigated, and ROIs can be analyzed again or using other signals (e.g. EDX). The main
advantage is that sections can be re-hydrated and fluorescent signals can be detected in the
hydrated stage and the same antigenic epitope can be immuno-labeled with gold-labeled
antibodies for visualization in SEM. An excellent overview is given by Heinz Schwarz a pioneer
of CLEM (Schwarz and Humbel, 2007).

3View®, the commercial version of the invention of W. Denk (Denk and Horstmann, 2004a)
manufactured by Gatan is a small ultramicrotome built into a SEM (Fig. 4 B). Serial sections
are cut with a moving diamond knife and the block-face is imaged after every section. The
advantage of 3View® is, that even from largest volumes (several mm?®) image stacks can be
obtained (Denk and Horstmann, 2004a; Dohnalkova et al., 2010). 3View® investigations are
limited by following facts: the section thickness of minimal 20 nm limits the resolution of the
image-stack in z. In routine, section thicknesses of 30-60 nm are generally applicable for stable
series. As the block-face is non-conductive, charging problems may be severe. An enhanced
heavy metal impregnation by OTO or rOTO (Tapia et al., 2012; Deerinck et al., 2010; Hall et
al., 2012; Mikula et al., 2012; Starborg et al., 2013) is therefore essential although not
necessarily desired. The relatively high accelerating voltage of approx. 3 kV, which increases
charging, cannot be reduced significantly because of the large working distance, necessary
due to the built-in microtome.

FIB/SEM serial block-face milling is achieved by tilting a specimen in a SEM to approx. 54°
(Fig. 4 C). A gallium ion gun is placed in the SEM at the same angle, that sections can be
milled orthogonal to the specimen surface (Fig. 5). Block-face images are taken at an angle of
36° with SEM, either backscattered electrons (BSE) or secondary electrons (SE) are detected
(Narayan and Subramaniam, 2015; Villinger et al., 2012). Two modes of image acquisition are
possible: a section is ablated; the ion beam is blanked, and a block-face image is acquired.
The advantage is, that correction of focus and astigmatism can be adjusted without interfering
with the ion beam. If the image is acquired during the milling process, which is economic, if
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long milling times are given (large areas and/or hard material), the ion beam influences the
electron beam, which can be severe at higher ion currents (>1 nA). Therefore, low currents in
the range of 100-500 pA have to be used. FIB/SEM is restricted in its block-face to approx.
200 pm in x and to a maximum of 100 um in y (in practice to 50-70 um due to curtaining effects
in larger depths) (Karreman et al., 2016; Caroline Kizilyaprak et al., 2014; C. Kizilyaprak et al.,
2014; Narayan and Subramaniam, 2015). Charging effects, limiting 3View®, can be neglected,
if the entire specimen is carbon coated for conductivity. Charging by electron interaction is
restricted to the milled area, which discharges to the conductive surface or bordering areas.
Typically for array-tomography and 3View® the detection of the BSE signal is obtained with a
chamber BSE detector.
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Fig.5 Schematic drawing and insight of the Auriga FIB/SEM (Zeiss). An electron beam, emitted by
the electron gun (= cathode), is focused both, by the condenser and the objective lens and scanned
over the specimen surface (tilted to 54°). The ion gun produces a gallium ion beam, which is focused by
electrostatic lenses and scans over the specimen surface at an angle of 90°. Both beams meet in the
coincidence point. The ion beam mills layer by layer and the block-face is imaged either with the SE
signal (collected by the chamber SE detector or the in-lens SE detector) or with the BSE signal (collected
with the in-lens EsB detector). © M. Luckner & G. Wanner

For FIB/SEM three different signals can be monitored: the SE-I with the in-lens SE detector
(highest resolution, but highest sensitivity to potential contrast), the SE-II with the chamber SE
detector and the BSE with either the chamber BSE detector (good resolution and good
contrast) or the energy selective in-lens EsB detector (Zeiss patent) with a better resolution
and the possibility of selecting back scattered electrons according to their energy, which
dependents on their emerges depth (Fig. 6). Comparing the resolution of 3View®, array
tomography and FIB/SEM-tomography, no significant differences in xy resolution (approx. 5
nm) are obvious. The differences in z-resolution are however striking: 3View® and array-
tomography with 20 nm section thickness under best conditions, is surpassed by FIB/SEM-
tomography by a factor of 10 (Boer et al., 2015; Karreman et al., 2016). As iso-voxel are
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necessary for adequate high-resolution 3D representation in all spatial directions, FIB/SEM is
the only technique allowing iso-voxels below 20 nm for large volumes.
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Fig. 6 Signal detection

A To detect BSE with the in-lens EsB
detector, the electrons have to pass
through a negatively charged grid. A
negative grid-voltage can be set from
0-1500 V. If the accelerating voltage of
the electron beam is e.g. 1.5 kV
(typical for FIB/SEM milling) and the
grid voltage is set to its maximum, all
BSE are just hindered to reach the
detector. With constant reduction of
the grid voltage, BSE, dependent on
their energy, can surpass the negative
field (dotted line) resulting in increased
signal intensity. The surface
information is at its best, if the grid
voltage is set just below the
accelerating voltage of the beam.
Volume information is best, if the grid
voltage is adjusted that the emerging
depth of the BSE equals with the
“section thickness”. As the SE-l and
SE-Il electrons (yellow, orange, red)
have very low energies in the range of
1-5 eV, they cannot reach the in-lens
EsB detector with a grid voltage of
greater -10 V.

B SE-I originating from the point of
electron beam impact are focused by
the electric field of the electrostatic
lens of the pole piece. As their cross
over is below the in-lens SE detector,
they are collected quantitatively. The
BSE have higher energies, therefore
their point of focus is higher, just in the
plane of the aperture of the in-lens
detector. They pass the aperture and
the negatively charged EsB grid if their
energy is high enough and are
detected by the in-lens EsB detector.
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6.3 CLEM with FIB/SEM at present

Ten years after FIB-SEM was recognized as a magic tool for 3D-EM in biology, these
instruments are now accepted as very expensive, but highly complementary, necessary and
efficient tool for CLEM (Beckwith et al., 2015; Karreman et al., 2016; Loussert Fonta and
Humbel, 2015; Nixon et al., n.d.; Villinger et al., 2012; Xu et al., 2017) (Fig. 7). In daily routine,
LSM data sets of entire cells can be recorded within few minutes, providing sufficient data for
profound statistics, if desired. Corresponding ultrastructural information is not possible with
TEM tomography at all, due to volume restrictions. 3View® and FIB/SEM would offer both,
gquantitative and high-resolution data sets of entire cells, which can be correlated to LM data
but is still impeded by embedding cells/tissues in resin blocks and due to complicated and
time-consuming re-location of target cells, insufficient for statistical investigation.
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The standard procedure for FIB/SEM is a fixation of biological samples in fixative buffer, cutting
small cubes with 1 mm edge length, post-fixation with osmium-tetroxide and embedding in
epoxy resin. The embedding step severely hampers the CLEM workflow. The sample has to
be trimmed with following demand: i) the orientation of the target region has to be parallel to
the block-face and ii) the ROI must be as close as possible to the block-face. Approaching the
target region in depth with an accuracy of few micrometer is complicated and risky, as an
accidentally removal of the target happens quickly. The preparation becomes acrobatic and
stressful if the sample is unique (transgenic mice monitored over month). Although landmarks
facilitate re-localization, the different appearance of the sample before fixation (transparent)
and e.g. after rOTO fixation (black cube) is an additional obstacle (Tapia et al., 2012; Deerinck
et al., 2010; Hall et al., 2012; Mikula et al., 2012; Starborg et al., 2013).
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CLEM could be more efficient by preparing biological samples appropriate for FIB/SEM right
from the beginning. As it is crucial to define the coordinates of a target area for re-localization
in SEM, a variety of slides with coordinates was developed and successively improved for
different demands (Schroeder-Reiter et al., 2012). The aim was to embed cells on slides or
cover slips within an ultra-thin resin layers i) for rapid and precise correlation to LM micrographs
and ii) to allow FIB milling in any desired direction. Several modified protocols are available
using thin embedding, but lack correlation to LM (Belu et al., 2016; Schieber et al., 2017) or
involve delicate and critical preparation steps for CLEM (Booth et al., 2016; Lees et al., 2017;
Murphy et al., 2011; Rennie et al., 2014; Santoro et al., 2017; Verkade, 2008). In a recent book
chapter the technical possibilities for various embedding protocols (classical en-bloc
embedding and thin-layer plastification) are presented for live cell imaging with volume
scanning electron microscopy (Lucas et al., 2017). Ultra-thin embedding was adapted in our
lab to a wide spectrum of biological specimens (from prokaryotes to tissues) and various
fixation techniques. The thesis focused on technical improvements for CLEM with FIB/SEM
and their application for cytological questions.

6.4 Biological Model Organisms for CLEM Application

Micrasterias denticulata

The unicellular freshwater alga Micrasterias denticulata is a cell biological plant model
organism, which is genetically closely related to higher developed plants and shares common
characteristics in many physiological and cell biological aspects. Not only their size of 200 um,
the bilateral symmetry of two semi-cells joined by an isthmus, where the nucleus is located,
but also their highly conserved dictyosomes, which consist of 11 cisternae, are ideal features
for light and electron microscopic observations. In the past, TEM and Immuno-TEM was used
to study dictyosomal structure and function, cell wall formation and compaosition, cytoskeleton
control of growth and morphogenesis as well as on ionic regulation and signal transduction
(Latz-Meindl, 2016). These investigations require life cell imaging, photosynthesis and
respiration activities and TEM analysis to study the influence of metals like chromium, zinc,
copper or cadmium, which have inhibiting effects in Micrasterias cell development and causes
ultrastructural changes like involute dictyosomes (Volland et al., 2012). Environmental stress
like heavy metal, high salinity or oxidative stress are questions related to environmental
pollution and adaption, which can be answered only in a 3D context of complex organelle
arrangements as ER/dictyosomes/vesicles. FIB/SEM showed that the dictyosomes are
covered at both sides (cis and trans) by ER sheets, which almost encapsulate the dictyosomes
(Wanner et al., 2013) forming an structural entity together with the vesicles formed from the
cisternae and their derivatives. FIB/SEM should provide the 3D information for the complexity
of both, general changes in morphology of ER and dictyosomes, organelle degradation and
autophagy.
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Human Platelets

Blood platelets are critical for hemostasis, thrombosis, and diverse roles during immune
responses. Despite these versatile tasks in mammalian biology, their skills on a cellular level
are deemed limited, mainly consisting in rolling, adhesion, and aggregate formation (Brass et
al., 2005; Jackson, 2011). Adherent platelets use adhesion receptors to mechanically probe
the adhesive substrate in their local microenvironment. When actomyosin-dependent traction
forces overcome substrate resistance, platelets migrate and pile up the adhesive substrate
together with any bound particulate material. They use this ability to act as cellular scavengers,
scanning the vascular surface for potential invaders and collecting deposited bacteria
(Gaertner et al., 2017). Microbe collection by migrating platelets boosts the activity of
professional phagocytes, exacerbating inflammatory tissue injury in sepsis. This assigns
platelets a central role in innate immune responses and identifies them as potential targets to
dampen inflammatory tissue damage in clinical scenarios of severe systemic infection
(Gaertner et al., 2017). Analysis of migrating platelets is an electron microscopic challenge.
High resolution SEM at low kV is required to visualize the fibrin(ogen) coating of slides, allowing
platelets to migrate. Immuno-gold labels can be correlated to fluorescence signals from
fibrin(ogen) either by topographic and/or material contrast of high resolution SEM of critical
point dried specimens or after ultra-thin embedding and FIB/SEM tomography. From 3D
reconstructions based on FIB/SEM data sets it is expected to gain information whether and
how fibrin(ogen) accumulates at the platelet surface and possibly within the open canalicular
system (OCS) and if immuno-gold labels can be detected even within the cytoplasm (Gaertner
et al., 2017).

Hela cells

HelLa is the oldest and most common cell line used in scientific research in laboratories around
the globe. Countless scientific fields like cancer research, infection studies, gene mapping,
apoptosis and many more are addressed by their use. With the beginning of transmission
electron microscopy Hela cells were already in focus (Harford, 1957, 1956). Over more than
5 decades TEM investigations on HelLa covered almost any developmental topic. In the 1960s
to 1970s outstanding micrographs document the quality of electron microscopy. Concerning
mitosis, a bouquet of fascinating structural details presents a gigantic, but fragmentary mosaic.
Almost any structural detail was presented in high quality, however due to the lack of 3D
information, important structural changes during mitosis could not be adequately interpreted.
With introduction of large volume EM techniques, the basis was given for investigation of whole
HelLa cells (Murphy et al., 2011; Puhka et al., 2012; Booth et al., 2016; Nixon et al., 2017).
Today, with high resolution LM, structural changes e.g. nuclear envelope breakdown and
reconstitution can be visualized almost with ultrastructural quality (Lu et al., 2011). However,
for Golgi disassembly and reconstitution, midzone formation, ER architecture, formation of
endosomes/lipid bodies, especially if organelles are highly clustered, LM reaches its limitation
due to the restricted resolution in z. HelLa is an ideal system to study the cell cycle with
correlative LM and FIB/SEM and to verify the precision, efficacy and high-resolution obtained
with flat embedded specimens. Staining of DNA allows the selection of target cells at any
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mitotic stage, for addressing cytological questions still not answered in 3D. If FIB/SEM data
acquisition is optimized, it is expected, that stacks with an iso-voxel size of 2 nm enable insight
into HelLa cells at the resolution limit of FIB/SEM, unrivaled with any other large volume EM
technique at present.

Dendritic spines of mouse brains

Mouse, as a model organism, is used to study human biology due to their genetical and
physiological similarity. In neuroscience genetic manipulated mice models are used to explain
neurodegenerative diseases. A mouse brain inherits more than 70 million neurons by an
average mass of 0.4 g. Dendrites are branched extensions of neurons, which propagate
electrochemical stimulations, via synapses, received from other neurons. Neurons have the
ability to adjust their anatomy and function, termed plasticity. Synaptic plasticity is an important
research fields in neurosciences, as such dynamics are linked to learn memory processes.
Long-term in vivo 2-photon microscopy of dendrites and their spine plasticity offers
fundamental information for Alzheimer's disease. Transgenic mice expressing green
fluorescent protein (GFP-M line; (Feng et al., 2000), are an ideal tool for those investigations.
This mouse line expresses a sparse GFP-labeling of single or few dendrites, which can be
analyzed over month with 2-photon in vivo microscopy. For the investigation of dendrites and
the plasticity of their spines in the clinical picture of Alzheimer’s disease, cranial windows are
implanted in one of the brain hemispheres in transgenic mice. This window provides direct
optical access to the living mouse brain and allows the observation of labeled dendrites over
several weeks using in vivo 2-photon microscopy. Dynamic processes - formation and
elimination of dendritic spines - can be analyzed on the basis of the recorded 3D data sets. As
with 2-photon microscopy exclusively fluorescence-labeled structures can be visualized, a
correlation with high resolution EM data would help to understand spine dynamics in relation
to associated structures on an ultrastructural level.

6.5 Aim of the Thesis

A. Technical aspects

» Development of slides and cover slips with a customized coordinate system.
* Immediate and precise correlation between LM and SEM.

* Immobilization of cells/tissues.

* Filter system for fixation and infiltration.

+ Conservation of cell topography from LM to SEM by flat embedding.

» Adaption of the thickness of resin layers to any demand.

» Optimizing embedding in resins for better radiation stability (electron and ion-beam).
+ Enabling direct access to the target cell (omitting a ramp).

* Reduction of the milling volume to its minimum, the cell volume.

* Optimizing contrast for faster acquisition of SEM-signals.
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* Incorporating the slide as absolute reference for precise alignment of the FIB-stack.
* Implementing direct volume rendering for direct 3D visualization at high resolution.
* post-embedding coordinates by a stamp.

B. Cytological questions

» Change of dictyosomal and mitochondrial morphology in stress induced Micrasterias.

» Analysis of migrating human platelets on fibrin(ogen) coated slides, and their response to
bacteria.

* Ultrastructural changes during mitosis in Hela cells, including nuclear envelope bread down
and reconstitution; Golgi disassembly and reconstitution, formation of spindle apparatus,
central spindle, midzone and midbody.

» Spine dynamics of dendrites of mouse brain.
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7 Discussion

7.1 Technical Improvements

7.1.1 Coordinate system as basis for CLEM

Correlative LM and FIB/SEM microscopy is often acrobatic and — compared to other
techniques, very expensive from the electron microscopic part, which may be accepted, as a
kind of pioneer spirit is still a motor, yet. But when statistical statements are requested, a state
of the art technique has to become efficient and economical in daily routine. The correlation is
challenging, as the coordinates of an oriented LM image stack have to be re-located within a
volume of epoxy resin with a different orientation of the specimen. Fiducials, natural or artificial
landmarks are necessary, which have to be correlated by fusion of two differently orientated
spaces with different scaling and aberrations. Since few years, there is a strong attempt in
creating digital coordinates to facilitate a correlation between light and electron microscopy,
rather than having un-removable physical references. This approach is currently rising but
often not applicable in daily routine. Typically, digital coordinates can be transferred from LM
to SEM only if the manufacturer of both is the same, which is often not the case in
interdisciplinary sciences. Simply correlating two planar micrographs, with a physical, well-
defined coordinate system, which can be documented with high precision, independent of the
physical signal production (light, electrons, X-rays), is the most efficient and safest way for
correlative microcopy. The development of a variety of slides and coverslips labeled in different
ways, to achieve suitable contrast in LM and SEM, customized to the actual scientific question
was evaluated in the paper Luckner and Wanner (2018a).

The coverage of the labels can be varied widely according to the sizes and densities of sample
investigated. For any purpose, there is a labeling allowing high resolution LM without any
restrictions to optical requirements (bright field, phase contrast, DIC, epi-fluorescence)
(Luckner and Wanner, 2018a). Once cells have been documented they can be controlled or
tracked for e.g. structural changes during fixation, quality and uniformity of staining to
optimizing further experiments (Luckner and Wanner, 2018a). Slides with coordinates are
commercially available for correlative proposes. Ibidi GmbH offers a variety of gridded
coverslips and bottom dishes as well as MatTek Corporation. Their products are expensive
and only available in two different pattern densities. Kova International Inc. provides plastic
gridded slides with a refractive index similar to glass, but nonresistant to acetone. Together
with two companies, located in Bavaria, we developed customized slides and coverslips with
fixed coordinates, available in any desired density and size (Luckner and Wanner, 2018a). The
advantage of the labels is that they can be produced either engraved or elevated, which is
important for thin-embedding procedures, where coordinates have to poke out of the resin
layer. Further, the costs per labeled slide/coverslip are reduced by more than 50 % compared
to commercial products.
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7.1.2 Sample inherent reference points

Compared to single cells, which can be re-located easily, correlation of ROIs within a tissue is
much more challenging. Coordinates of the supporting substrate can be hidden therefore
internal/natural references are much more suitable. Natural landmarks compared to artificial
fiducials omit the risk of losing references. However, they can only be used, if they
unequivocally recognized in LM and SEM. For different tissues, reference points/landmarks
can vary for plant or zoological material (Karreman et al., 2016). For plants, natural landmarks
would be the calyptra and root hair for root tips, guard cells as rough references for leaves or
crystals within the outer epidermal cell wall, detectable with light microscopes and at higher kV
with the BSE-detector in SEM. Anatomical features as reference points of a zebra fish could
be the yolk sac, notochord, melanocytes, muscles, endothelial cells, and blood vessels
(Karreman et al., 2016). Another approach is the injection of fluorescent red blood cells to
reveal vessel perfusion in vivo. This permits visualization of the living circulation and later
identification of individual cells within semi-thin section of the embedded tissues, which were
subsequently examined in the electron microscope (Beacham et al., 1976).

Natural landmarks are given for different organs like brain or liver sections. The references
vary in number, density even in their presence at all (e.g. axons cannot serve as reference
points in liver tissues). For every experiment the origin of the reference coordinates, either
artificial implemented on the slide/coverslip or on a natural basis, has to be evaluated and
adapted carefully for each scientific question. There will not be a ubiquitous labeling system,
covering all scientific demands. However, a prerequisite that cells can be analyzed and
selected with LM, and re-located in SEM, is a proper immaobilization of the samples to a fixed
coordinate system, visible in LM, SEM and FIB/SEM.

7.1.3 Immobilization of non-adherent cells

As from the broad spectrum of potential samples, adherent cells are only a minor sub-fraction;
it was and is a challenge to immobilize biological objects permanently to slides/coverslips with
fixed coordinates. Four different methods of immobilization of enzymes and cells are
commonly used preferentially in biotechnology: i) adsorption; ii) encapsulation; iii) entrapment
and iv) covalent bonding. As cells have to be immobilized as stable as possible, adsorption is
not suitable as low energy bond as ionic interaction, hydrogen bond and van der Waal forces
are involved. However, there are many protocols for cell adhesion for biomedical and biological
applications with the aim of keeping their vitality (for review see: (Ahmad Khalili and Ahmad,
2015). Encapsulation and entrapment by hydrogels (for review see: (Jen et al., 1996), which
can be used to study cell-cell interactions of 3D cell cultures in a native-like environment
(Bodenberger et al., 2017) bares the risk of topographical changes (coating, masking) of the
cells in SEM. The chemical mechanism for immobilization is preferentially a covalent bonding
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between the cells and the support. As a poly-functional reagent, glutaraldehyde forms bindings
between the glass and the amino groups of the cell surfaces, itis used for the drop cryo fixation,
established in our lab e.g. for preparation of Magnetobacterium bavaricum (Jogler et al., 2011)
and Chlorochromatium aggregatum (Wanner et al., 2008), which is very effective for small
microorganism (0.5-3 um), but loses stability if cells are too large and unfavorable in geometry
with reduced contact area to the slide (e.g. spiral or spherical). Abundant chemical adhesives
are described, each with different advantages and disadvantages. From a variety of adhesives
investigated for immobilization, two of them peak out: Biobond with very good adhesive
properties for prokaryotic and eukaryotic cells and cell aggregates (Luckner and Wanner,
2018a). As the adhesive is a coating in the nm range, the evenness of the slide is maintained,
which is important for high resolution SEM e.g. of cells with flagella or filopodia. Cell-Tak™ is
the strongest adhesive and therefore the first choice for large tissue sections (Luckner and
Wanner, 2018a). As Cell-Tak™ is preferentially spread with a coverslip, the thickness cannot
be controlled precisely, which limits its application in SEM for high-resolution topography of
cell adherent structures. To reduce costs by application of the expensive Cell-Tak™
immobilization of hydrated soft-tissue, samples with transglutaminase, also known as “meat
glue” for atomic force microscopy, is shown as simple and very cost-effective immobilization
method (Sahai et al., 2016). As the specimens were used in hydrated state and the substrate
was negatively charged polystyrene dish, it should be evaluated if transglutaminase is suitable
for dehydration and infiltration of vibratome sections on glass slides as well. Although the
chance for successful immobilization of any objects, estimated from our experiments, is only
50%, however, a flat embedding is still possible by alternative strategies. If live cell imaging
can be relinquished or is not possible anyway (e.g. high-pressure freezing (HPF) of non-
adherent cells), samples can be processed until infiltration with resin, spread onto slides with
coordinates and embedded thin or ultra-thin. CLEM is still possible as surprisingly, even
fluorescence, although much weaker, can still be detected for a variety of objects after HPF,
FS and embedding, providing information e.g. for vitality (filamentous cyanobacteria) or stages
of cell differentiation (heterocysts/vegetative cells) for a directed and economic milling.
Recently a promising technique was presented utilizing surface-initiated photo-polymerization
process; high-resolution pattering of mammalian cells has been achieved. A hydrogel glue with
a thickness of nanometer are used to immobilize living cells on nano-electronic devices
(Pandey et al., 2018).

7.1.4 Filter-system for conservative preparations

A successful immobilization of samples does not imply precise CLEM. Very large tissue
sections may form folds during post-fixation and/or dehydration, which result in uneven
thickness of the resin layer. In general, an uneven surface is not suitable for FIB-milling due to
changes of focus plane of the ion beam, resulting in erratic milling properties. A filter system
was developed to ensure flat tissue sections after dehydration and embedding (Luckner and
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Wanner, 2018a). At first glance, CLEM seems to be excluded. However, tissue sections are
either individual in size and shape or can be slightly trimmed for characteristic features, that
the orientation is maintained. Light-microscopic investigations can be performed before using
the filter system. If care is taken by placing the section after resin-infiltration top side up onto a
slide or directly onto a SEM stub, a precise correlation is still given, as the topographic SEM
image matches to the LM micrographs and a target region can be determined by triangulation
of surface features/naturals landmarks, which are pertained after thin/ultra-thin embedding.
Additionally, the filter-system is of great benefit if samples i) cannot be immobilized with any
glue, i) are available only in few individuals or iii) are fragile. Already in the 1970s, filter systems
were used to process samples for scanning electron microcopy to prevent loss of cells and
their aggregation by solvents (Kurtzman et al., 1974; Talens et al., 1973), which was
demonstrated for yeasts, bacteria, actinomycetes and fragile vegetative spores of flamentous
fungi and carried through all preparation steps including critical-point drying (Talens et al.,
1973). These investigations only provided ultrastructural surface information of the samples.
Recent studies published the potential of a membrane filter-system to concentrated rare
samples like spermatozoa, pathogens or bacteria, as the fine structure of the membrane
prevents damage and loss (Beniac et al., 2014; Golding et al., 2016; Nussdorfer et al., 2018).
A disadvantage of their procedure is that various impurities, can cover the surface of the
specimen, as they were just using one membrane instead of two, to cover the sample,
compared to our procedure (Luckner and Wanner, 2018a). To date, no publications are
available were membrane filter systems are used for CLEM, involving high-resolution LM and
FIB/SEM. As its utility is proven for many demands, further improvements of the application
are requested. It would be of great advantage if the filter would be transparent, solvent resistant
and without auto fluorescent. Hence, samples could remain on the filter membrane during the
whole CLEM procedure. Live cell imaging on filter membranes, with a subsequent preparation
within a closed filter-system together with a thin-embedding (Luckner and Wanner, 2018a)
would enable a convenient CLEM procedure of rare samples.

7.1.5 Flat embedding: efficient and economic FIB/SEM milling

The necessity and advantage of thin embedded samples became a topic within the last years,
with the increasing demand of correlative LM with FIB/SEM in biosciences (Fig. 7). A few
protocols are published for flat embedding in resins by draining, blotting, centrifugation with
the primary aim to reduce the resin layer to its minimum (Caroline Kizilyaprak et al., 2014;
Lucas et al., 2017; Schieber et al., 2017). It is a challenge to adjust the resin thickness for good
milling properties and precise correlation. In a recent book chapter, the technical possibilities
for various embedding protocols (classical en bloc embedding and thin-layer plastification) are
comparatively presented for live cell imaging of adherent cells with volume scanning electron
microscopy by using Ibidi p-dish 500 or MatTek finder grid (Lucas et al., 2017). Minimal
covering of the cells with resin was achieved by upright positioning of the cell substrate for
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draining and polymerization starting at lower temperatures (Belu et al., 2016; Lucas et al.,
2017). However, none of presented methods was suitable to really control the thickness to the
scientific demands. For larger objects with sufficient height, flat embedding can be achieved
successful, as variations in resin thickness do not severely impede FIB/SEM investigations.
Adjustment of resin thickness becomes very critical if objects are rather small (microorganisms,
platelets).

In practice, the aim is not the ultimate thin epoxy resin layer, rather to control its thickness,
depending on the scientific question, type of sample, cell size and cell density. Thin embedding
still shows the topography of the organisms, enabling localization of specific structures by their
topography in SEM. This implicates that the target area gives sufficient topographic contrast
to recognize previous selected areas. A main obstacle, that during spreading of thin resin
layers, its viscosity rises significantly within seconds to few minutes, resulting in non-
reproducible, local varying thicknesses. The removal of excessive resin by ethanol (Belu et al.,
2016) is a good attempt, but bears the risk of uncontrolled reduction, which is critical, when
prokaryotic cells should be embedded in a few um thick resin layer. Keeping the slides in an
acetone-saturated chamber, the fluidity of the resin is pertained, until an even spreading. By
changing the parameters (surface properties of slides or coverslips, resin concentration,
draining by gravity, centrifugation, exposure time) a suitable thickness of resin can be achieved
for individual samples (Luckner and Wanner, 2018a). The quality of FIB/SEM milling does
primarily depend on surface quality. If it is smooth, a block-face image of good quality can be
achieved after adopting milling parameters properly. Rough surfaces, either by changing
topography or material composition produce curtaining (Fig. 8).

Slightest curtaining is immediately recognized with in-lens SE-detector due to its extreme
sensitivity to topographic changes (Xu et al., 2017). Using the BSE, curtaining may not be
visible at the first glance, but if present, it artificially changes the contour of membranes
(formation of step-like deviations), which severely influences resolution and the quality of
volume rendering.
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Fig. 8 Formation of

curtaining at uneven
surfaces.
A layer is ablated

constantly, if the surface is
completely smooth (d1) as
milling conditions are the
same at every point. At an
indentation of the surface,
the ion beam reaches the
surface deeper and in a
different angle. As the
milling rate depends on
the angle of the surface to
the ion beam (curve), the
ion beam mills faster
within the indentation, as
the wall shows higher
inclination (red lines). With
every milling step, the
ablation is increased (d3-
d5). Due to re-deposition
effects, the indentation
becomes narrower within
the depth. As soon as the
indentation is milled off,
the striation disappears.
The re-deposition fills part
of the striation. Due to the
high atomic number of
gallium the striation
appears bright in original
or dark in inverted images.
On a FIB/SEM micrograph
of a cross section of Chara
spec., striations (arrows)
are visible over several
slices, due to the uneven
surface (little holes; circle).
Scale bar: 1 uym. © M.
Luckner & G. Wanner



The basic message is: the thicker the resin layer, the lesser the disturbance during milling. The
thinner the resin layer, the more precise is the correlation to light microscopic images. In
practice, the size of the cells restricts flat embedding: for small microorganism (diameter 500
nm), forming a monolayer, a resin layer of one micrometer may severely impede CLEM, as the
cells are hidden within a continuous resin layer. For larger, single cells (diameter 20 pm), even
few micrometer of epoxy layers may allow precise CLEM by freely defining the milling plane.
If rather thick resin layers are necessary, elevated labels can be used for CLEM as they are
still visible and re-localization is facilitated by triangulation.

Milling of flat embedded samples has enormous benefits compared to specimens embedded
in a resin block. Milling cells within a resin block requires a ramp to get access to the target
region. The size of the ramp depends on two parameters: i) the length, desired for a ROl in z
and ii) the desired depth (in y), of the final block-face. For calculation of the minimal length to
reach the desired depth, the depth is multiplied by 1.38 (tan 54°), implicating for a HelLa cell
(diameter 20 um in metaphase) a ramp of minimal 27.6 um in z — which can be more than the
length to be milled afterwards. Before milling, it is essential that, the width of the block-face is
being calculated tolerant for compensation of re-deposition effects. Re-deposition occurs
during milling of a block-face enclosed by the ramp. The gallium ions ablate layer by layer of
the specimen in a sputter process. The gallium ions discharge to gallium and deposit with the
epoxy debris near the block-face, which is typically at the bottom of the ramp and at both flanks

(Fig. 9).

Fig. 9 Re-deposition.

For samples, embedded
within a resin block,
digging of a ramp is
necessary to reach the
block-face with the desired
depth in y. During the
milling process, gallium
ions deposit as gallium
atoms in a mixture with
sputtered epoxy resin and
sample components. The
ramp is thereby narrowed
from both sides and in
depth (which makes a
trapezoid design
necessary). Scale bar: 10
pum  (drawings: © M.
Luckner & G. Wanner)
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The longer the target region in z, the broader the ramp has to be from the beginning. It has to
be balanced between the desired length in z and an assessment factor. If it is too generous, it
is wasting time and money, however, if it is calculated to tight, the broadness cannot be
changed during the run, leading to severe lateral shadowing of the block-face images. As for
flat embedded samples a ramp is needless, only the cell volume is milled without any re-
deposition effects. Comparing the volumes, milled with FIB/SEM for conventional embedded
HeLa cells with thin embedded cells, the volume is reduced by a factor of 10. As the target cell
is constantly under visual control during milling, corrections, necessary by specimen drift, can
be done on the fly. In addition, a FIB/[SEM-run can be stopped, if heating of the gallium emitter
is necessary, and continued without running the risk of narrowing the image field by re-
deposition.

Summarizing the advantages of flat embedded samples: beside pecuniary aspects, important
benefits are: i) saving time; ii) the possibility of setting the milling direction as precisely as
desired for cross or longitudinal sectioning; iii) starting close to structural details documented
before in LM, e.g. cellular inclusions, centrosomes or midbodies and iv) re-deposition does not
occur for thin/ultra-thin embedding.

7.1.6 Post embedding labeling

Producing very thin resin layers is challenging. It occurs, that the manufactured coordinates
are sometimes completely covered with resin, which impedes a re-localization within the SEM,
of the ROIs previously monitored and selected by LM. A water-resistant stamp with customized
coordinates can be printed on top of the polymerized sample. As a result of the thin embedding,
light can still pass the sample, and both, the coordinates of the slide and the stamp, are visible
in bright-flied. With that simple, but very powerful tool, a correlation between LM and SEM is
guaranteed. Cell behaviors, like adhesion, migration, differentiation and proliferation can be
affected by micro-environmental factors, as the topography of the substrate (Araujo et al.,
2016; Baik et al., 2014; Kim et al., 2012; Recknor et al., 2004). Slides with coordinates, either
engraved or elevated, can lead to undesired cellular behavior and bare the risk of falsifying or
ruling out relevant results. The customized stamp (Luckner and Wanner, 2018a) is a suitable
alternative, still enabling a correlation after thin embedding, as the stamp is visible in both, LM
and SEM, due to the material contrast of the ink. Specific cells can be selected by their sizes,
shapes, or contrast and immediately re-located in SEM to facilitate precise FIB/SEM milling,
impossible with classical block embedding procedures. Recently, new protocols are available
where the fluorescence signal is preserved after resin embedding (Bell et al., 2013; Peddie et
al., 2014; Hohn et al., 2015). Combining these approaches with thin embedding including
printed coordinates (stamp) (Luckner and Wanner, 2018a), would facilitate CLEM significantly.
By omitting delicate preparation steps (removal of the substrate, sample trimming), correlative
light and electron microscopic investigations become a method applicable in routine.
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Additionally, the stamp can be used for statistical purposes. Simplified, it acts as a Thoma cell
counting chamber to quantify ultrastructural details on nano-scale level.

7.1.7 Reaching the limits of FIB/SEM

Improvement of contrast

The classical staining of biological samples with osmiumtetroxide results in a fine contrast as
osmium binds to the double bonds of fatty acids from the bio-membranes providing the images
of a tripartite membrane, which is a dogma for EM but a point of discussion since the
introduction of osmium as fixative and staining (Hayes et al., 1963). However, the contrast of
bio-membranes of typical TEM micrographs is not a result of osmium alone but an
enhancement of osmium contrast by post-staining with lead citrate (G. Wanner, personal
communication). An en bloc staining of tissues is commonly used with uranyl acetate but not
possible with lead citrate due to the formation of precipitates. A contrast enhancement is
generally favored. TEM started within the 60s with permanganate fixation resulting in striking
contrast of membranes seen as single black lines, without resolving their tripartite nature. With
introduction of osmium-thiocarbohydrazide-osmium (OTO) described by (Seligman et al.,
1966) and the ferrocyanide-reduced osmium method described by (Karnovsky, 1971) and (de
Bruijn, 1973) the contrast of membranes was significantly improved with loss of resolution of
the tripartite appearance. The methods were favored with morphometry coming up in the 70s
for quantification of structural changes. With a digitizing tablet (wire technology, before
computer area) micrographs had to be retraced with a stylus, and data (length, area, diameter,
perimeter and form factor) were displayed on a calculator and documented by hand. The lack
of resolution on the benefit of contrast was not a draw back for morphometry, however the
images including the measurements could not be stored digitally. These extreme expensive
early devices (15000 €) disappeared together with the application of OTO and rOTO for
decades. With serial block-face imaging, there is a renaissance of these fixation/contrasting
techniques. Although they are perfect for large volume investigations, the restriction becomes
obvious when reaching resolution limits (pixel size below 5 nm). Due to the contrast enhancing
effect, the discrimination between double membranes of mitochondria and plastids is still given
but not the expected visualization of the tripartite bio-membrane (Fig. 10).
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Fig. 10 Enhancement of
contrast by rOTO. TEM
micrographs  of  ultra-thin
sections of mouse brain, fixed
either with glutaraldehyde and
post-fixed with
osmiumtetroxide (A) or with
glutaraldehyde followed by
rOTO (B). Due to the
increased binding of osmium
and some oxidation of
cytoplasmic  material, the
contrast is much higher.
FIB/SEM block-face image of
mouse brain fixed with
glutaraldehyde-rOTO (©).
Although the resolution is
lower compared to TEM,
synaptic vesicles are clearly
visible (EsB signal inverted).
Scale bar: 100 nm

One may argue that this is caused by the resolution limit of the SEM, but investigations of high-
pressure frozen (HPF) and freeze substituted (FS) BON cells, could clearly resolve the unit
membrane (Villinger et al., 2012). Two factors can explain the TEM like resolution: i) a more
specific and thereby finer membrane contrast given by HPF/FS, compared to rOTO
enhancement and ii) the use of the in-lens SE detector. The SE-I signal shows a much better
signal to noise ratio compared to BSE and in addition a higher resolution as SE-| originate
directly at the point of impact of the electron beam, whereas the BSE escape from the
specimen, both from greater depth and larger radius around the spot, due to scattering effects
(Fig. 11). As the SE-I have very low energy in the range of 1-3 eV (Reimer, 1998) compared
to the BSE (approx. 0.5-1.5 keV), slightest charging disturbs image and curtaining is visible.
There is still a discussion if HPF/FS after conventional pre-fixation or including glutaraldehyde
in the freeze substitution cocktail gives much better results compared to conventional fixation
alone (Meissner and Schwarz, 1990; Giddings, 2003; Bullen et al., 2014). It is known, that with
cryo fixation, a view of tissue ultrastructure is closer to its natural state (Korogod et al., 2015),
but at present, there are no studies published for CLEM with HPF fixed tissues, previously
investigated with LM.
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Fig. 11 Comparison of BSE and SE signal. Block face image of Chara spec. at 1.5 kV (EsB grid
voltage: -500 V) by simultaneous detection of the BSE (in-lens EsB detector) and SE (chamber SE
detector). Due to a rather high milling current and a small milling depth, curtaining occurred. Although
the EsB image (left) looks perfect, the in-lens SE image is dramatically disturbed by striations, little holes
(circle) and in addition local charging (asterisk). Note: the charging effects influence only the in-lens SE-
image. However, the striations are only visible in the in-lens SE-image, are artifacts and real, but not
seen in the EsB-image.

Importance of exposure time

The energy input of electrons during SEM was already described in detail from a physical point
of view (Reimer, 1998). When applying physical formula to actual investigations, calculation
can only be estimations, as important parameters of the specimen e.g. thermal conductivity of
resin are not known and data from similar materials are used. Although the deviations will be
minor, the heating of a resin by an electron beam (1.5 kV) at moderate magnifications should
be neglected, as calculated in the range of only 0.5-1.5 °C (M. Wanner, personal
communication). However, when pixel size reaches resolution limit, beam damage becomes
obvious, which cannot be predicted by Reimer’'s formulas (Reimer, 1998). A resistive probe-
based Scanning Thermal Microscope was implemented in an analysis chamber of a SEM. By
means of this hybrid-system thermal device, specific characteristics are detectable. A
measured temperature distribution on the sample surface, was shown to be in agreement with
the calculated temperature distribution: temperature can be locally increased by up to 42 °C
(Altes et al., 2002). Such an increase in temperature during FIB/SEM milling would heat the
resin locally to almost 70 °C, a temperature where the resin becomes elastic. Although precise
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measurements of temperature at the block-face and ROI are not possible at present, beam
damage can reproducible be generated, when reducing the image frame either to a small size
(5x5 um) at constant dwell time for exposure or by increasing exposure time for a larger image
frame (15x15 pm) (Luckner and Wanner; unpublished). A detailed investigation showed, that
Hard Plus Resin-812 is more stable during exposition to ion beam (Kizilyaprak et al., 2015).
After embedding specimens in Hard Plus Resin-812 instead of Epon-812 or Low Viscosity
Spurr it became clear, that the stability of the resin is also increased for electron beam
exposition. In practice, in our hands image pixel size of 2 nm iso-voxel can be achieved, where
with Spurr only 4-5 nm iso-voxel could be reached for long series (unpublished data). An
important aspect is not discussed in literature. Before beam damage becomes visible, a
temperature below the melting point of a resin may be high enough to increase molecular
vibration of the resin including the heavy metal clusters. If this would be true, a smearing of
fine structural details can be expected, limiting resolution without visible beam damage. It might
also help to reduce the sample temperature, which additionally affects the milling properties
directly by changing the polymer stiffness, might substantially improve the resistance to
radiation damage (Lamvik et al., 1991). The beam damage is discussed in detail for serial
block-face sectioning by (Denk and Horstmann, 2004a). Compared with FIB/SEM the situation
for 3View® concerning electron beam damage is much more unfavorable as the probe hits the
block-face vertically. The energy is incorporated almost quantitatively into the resin. As the
specimen in FIB/SEM is tilted to 54°, the electron beam angel strikes the block-face in an angle
of 36°, which allows a better energy distribution (larger area). In addition, the kV applied for
FIB/SEM is usually much lower (1.5 kV) compared to 3View® with 3 kV affecting a smaller
volume due to the lower penetration depth of primary electrons (PE).

7.2 Cytological Investigations

7.2.1 Stress induced changes in morphology of dictyosomes and mitochondria in
algae

Numerous investigations have focused on chloroplasts and mitochondria as main targets of
different stressors in plant cells (Affenzeller et al., 2009a, 2009b, 2009b; Darehshouri and Litz-
Meindl, 2010; Demetriou et al., 2007; Lin et al., 2006; Logan, 2007; Reape and McCabe, 2008);
there is a lack of information on the plant Golgi apparatus as stress sensor. TEM and Immuno-
TEM was used to address the uptake and influence of chromium, which has inhibiting effects
in Micrasterias cell development and causes ultrastructural changes like involute dictyosomes
(Volland et al., 2012). For a better understanding of ultrastructural changes (induction of
autophagy) caused by the rapid production of reactive oxygen species (ROS), 3D information
at an ultrastructural level is necessary. With the beginning of FIB/SEM investigations of
interphase Micrasterias cells, new insights into the close spatial connection of the ER-Golgi
machinery and the formation of multi-vesicular bodies were revealed (Wanner et al., 2013).
ER strands, which are inconspicuous at single TEM micrographs, exhibit their dominant
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structure by enwrapping dictyosomes and are even in contact with them, well known from
mammalian cells, but not from higher plant cells (Litz-Meindl, 2016; Mogelsvang et al., 2004).
It became clear, that only FIB/SEM in combination with classical ultrathin sectioning and
transmission electron microscopic analyses provide structural evidence for common stress
responses of the large and highly stable dictyosomes in the algal model system Micrasterias
(Latz-Meindl et al., 2015). Metals such as manganese and lead induce stress, by starvation in
9 weeks of darkness or by inhibiting photosynthesis or glycolysis and by disturbing ionic
homeostasis via KCI (Litz-Meindl et al., 2015). A stress-induced degradation of dictyosomes
was documented by disintegration of cisternae into single membrane balls, finally absorbed by
the endoplasmic reticulum (Lutz-Meindl et al., 2015).

During reconstruction of large cellular volumes of Micrasterias it became obvious that the
significant structural changes of the dictyosomes are accompanied by structural changes of
mitochondria as well. Contrary to their illustration as ovoid structures since the first
descriptions, based on TEM investigations, mitochondria are actually dynamic organelles that
fuse and divide to form constantly changing tubular networks in most eukaryotic cells (Bereiter-
Hahn and Véth, 1994), first shown in plant cells based on the first 3D reconstruction of a single
eukaryotic cell by (Schétz, 1972) and investigated during the vegetative life cycle by (Blank et
al., 1980). They fuse to local mitochondrial networks in dependence on concentration and
duration of exposure to ionic stress induced by addition of KCI, NaCl and CoCl,. Fusion occurs
either by formation of protuberances arising from the outer mitochondrial membrane, or by
direct contact of the surface of elongated mitochondria. As mitochondria are autonomous
organelles it is remarkable that obvious not the single mitochondrion is autonomous rather
than the entire mitochondriome. The population is obviously stabilized under stress by forming
larger entities (Steiner et al.,, 2018). As respiration is maintained during ionic stress and
mitochondrial fusion, as well as formation of protuberances are reversible, it is interpreted that
mitochondrial fusion is an ubiquitous process, helping the cells to cope with stress. This may
occur by interconnecting the respiratory chains of the individual mitochondria and by
enhancing the buffer capacity against stress induced ionic imbalance. As hypothesized, a
branched mitochondrial network may allow ATP generation in oxygen-poor regions of
a cell through electrical transmission of the mitochondrial membrane potential across the
network (Skulachev, 2001). 3D reconstruction of large volumes of Micrasterias will offer
structural information of mitochondrial fusion and a possible involvement of ER as tethering
partner.

Micrasterias cells are capable of coping with environmental pollution to a considerable degree
accomplished by a physiological flexibility as well as by the capability of performing autophagy,
and of compartmentalizing pollutants in cell walls and vacuoles, respectively, by excreting
them via constant mucilage production (for review see: (Lutz-Meindl, 2016). The molecular
players that are involved in these processes as well as a possible regulation by signal
molecules such as phytohormones, remains to be investigated. Further establishment of
molecular tools and sequencing of essential regulators combined with employment of high
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resolution 3-D microscopic techniques will enable the next steps for elucidating cell shape
formation and for understanding intracellular stress response regulation. By its close relation
to higher land plants Micrasterias may help in detecting plant specific cellular processes and
pathways that would remain undiscovered when only using “classical” model system such as
Arabidopsis.

Information from three-dimensional reconstructions as provided by FIB/SEM is absolutely
required for a comprehensive understanding of the architecture of all cell organelles and their
mutual interplay. FIB/SEM microscopy is a very time consuming and cost intense method,
therefore a precise and efficient milling is indispensable. As the volume of the semi-cells of
Micrasterias is dominated by their two chloroplasts and organelles like dictyosomes and
mitochondria are only present within a rather small space along the chloroplast membrane and
around the nucleus, it is important to know the exact orientation of the cells (Skaloud et al.,
2011). With classical block embedding, a favored orientation is not given, as single
Micrasterias cells are randomly distributed within the resin block. At that time, thin embedding
of Micrasterias was not established. The small region where dictyosomes and mitochondria
are located was only reached by chance. As the quality of high-pressure freezing, freeze-
substitution, contrast and ultrastructural preservation is not guaranteed, cell by cell had to be
milled, each with a rather large ramp, which was not straightforward, as a lot of samples had
to be evaluated (Lutz-Meindl et al., 2015). At the end of the thesis, Micrasterias could by be
embedded in thin resin layers for efficient milling routinely (Luckner and Wanner, 2018a). Post
embedding CLEM was possible by printing a coordinate system onto the slide with a water-
resistant stamp and severe ultrastructural distortions could be monitored already at LM level
and appropriate cells could be selected and documented for oriented milling (Luckner and
Wanner, 2018a).

7.2.2 Migrating human platelets as mechano-scavengers

Blood platelets are critical for hemostasis, thrombosis, and diverse roles during immune
responses. Despite these versatile tasks in mammalian biology, their skills on a cellular level
are deemed limited, mainly consisting in rolling, adhesion, and aggregate formation (Brass et
al., 2005; Jackson, 2011). Adherent platelets use adhesion receptors to mechanically probe
the adhesive substrate in their local microenvironment. When actomyosin-dependent traction
forces overcome substrate resistance, platelets migrate and pile up the adhesive substrate
together with any bound particulate material. They use this ability to act as cellular scavengers,
scanning the vascular surface for potential invaders and collecting deposited bacteria
(Gaertner et al., 2017). Microbe collection by migrating platelets boosts the activity of
professional phagocytes, exacerbating inflammatory tissue injury in sepsis. This assigns
platelets a central role in innate immune responses and identifies them as potential targets to
dampen inflammatory tissue damage in clinical scenarios of severe systemic infection

54



(Gaertner et al., 2017). An autonomous migration of platelets was identified by live cell
differential interference contrast, phase contrast and epi-fluorescence. The pseudonucleus of
migrating platelets moved from the center to the rear and adopted a half moon shape (Gaertner
et al., 2017). As fibrinogen is the physiological ligand of allbb3 integrin receptor at the platelet
surface, we postulate its major role in migration (Nieswandt et al., 2002). Fibrinogen, a
branched polymer, 45 nm in length and 4.5 nm in diameter (M = 340 kD), self assembles and
forms fibrin fibers up to a length of 0.6-0.8 um and 80-120 nm in diameter, thus termed as
fibrin(ogen) (Zhmurov et al., 2016, 2011). The interaction of fibrin(ogen) with the platelet was
unclear, whether there is an uptake or an accumulation at the surface of the platelets during
migration. The resolution of suitable LM techniques, especially in z, is too weak to address the
question of a fibrin(ogen) uptake. Previous studies demonstrated the power of FIB/SEM on
procoagulant-activated platelets (Podoplelova et al., 2016). The complex and dynamic
organization of “caps”, convex regions of platelets, was reconstructed in 3D and additionally
immunogold-labeling of Annexin V, a blood coagulation factors, was predominantly detected
at “cap”-like regions (Podoplelova et al., 2016). Analysis of migrating platelets on fibrin(ogen)
coated slides was only possible in correlation with high-resolution SEM (topographical
investigation) and FIB/SEM (ultrastructural 3D investigation). Visualization of macromolecules
as fibrin on fibrin(ogen) coated slides/coverslips with SEM requires high resolution at low kV
(Gaertner et al., 2017). As slides are electrically insulators, a conductive coating is hecessary.
However, even very thin (3-5 nm) layers of platinum (by sputtering) or carbon (by evaporation)
limit or even prohibit visualization of fibrin and small gold labels used for immuno-SEM. The
solution was a stable, conductive carbon coating of the slides beforehand, which does not
impede the migration of platelets and the specimens could be investigated at very low kV (0.8-
1.2 kV) with high resolution, allowing simultaneous visualization of the topography of the
platelets with the chamber SE and in-lens SE detector together with the in-lens EsB signal to
resolve gold colloids down to 5 nm (Gaertner et al., 2017).

Dynamic migrating processes were followed and investigated with live cell LM and
subsequently fixed at a desired time point for correlative SEM and FIB/SEM microcopy to add
ultrastructural information. Individual fibrinogen molecules could be visualized with high-
resolution SEM of platelets growing on fibrin(ogen)-coated coverslips (Fig. 12). As already
indicated by LM, fibrin(ogen) accumulates at the surface of the platelets, shown with high-
resolution SEM of immuno-gold labeled fibrin of critical point dried samples (Gaertner et al.,
2017). FIB/SEM of critical point dried specimens is the fastest preparation providing detailed
information about the localization of the immuno-gold labeled fibrin(ogen). For CLEM with best
ultrastructural preservations, platelets, migrating on fibrin(ogen) labeled slides and infected
with fluorescent E. coli cells or latex beads were fixed and ultra-thin embedded (Gaertner et
al., 2017).

Gold-labeled fibrin(ogen) localizes both, on the platelet surface and within an open canalicular

system (OCS) (Fig. 12 D, E). Further, migrating platelets collect fibrinogen-trapped latex beads
or E. coli cells (Gaertner et al., 2017) (Fig. 12 F-K). Earlier studies reveal the importance of
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volume EM techniques and provide a detailed 3D view of the spatial membrane topology of
the OCS and the 3D organization of granules within stimulated platelets (Eckly et al., 2016;
van Nispen tot Pannerden et al., 2010). The OCS consists of small neck regions and multiple
areas of membrane branching that serve to connect the platelet cell surface from one side to
the other at multiple sites (van Nispen tot Pannerden et al., 2010). Although this study showed
fascinating insights of platelets by TEM tomography and cryo-TEM tomography, of plunge
frozen cells, a reconstruction of an entire platelet to visualize the whole OCS is missing (van
Nispen tot Pannerden et al., 2010). To understand the dynamic of the OCS, live cell LM
correlated to FIB/SEM data of thin embedded samples would be the favored method for high
resolution CLEM of entire cells.
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Fig. 12 Migrating Human
platelets —a challenge for SEM
and FIB/SEM. Only if the slides
are coated with carbon by
evaporation, high-resolution
SEM of platelets is possible
without additional sputter
coating for conductivity.
Correlative LM/SEM microscopy
of fluorescent labeled
fibrin(ogen) coated slides with
migrating platelets (A). High-
resolution SEM reveals single
fibrin fibers attached to the slide
(B). Immuno-gold labeling of
fibrin can be detected by high-
resolution SEM (C; merged BSE
and SE signals). 3D
reconstruction of an ultra-thin
embedded platelet, migrating on
immuno-gold labeled
fibrin(ogen) (D). Gold particles
(10 nm) are present at the
surface of the platelet and within
an open canalicular system
(OCS) (E). Platelets incubated
with latex spheres (diameter 200
nm: F, G and H) or with
pathogens (E. coli) (I, J, K) were
reconstructed based on
FIB/SEM data sets (H, K). The
distribution of E. coli cells or
latex beads can be analyzed
with CPD samples (F, I) as well
as after ultra-thin embedding to
gain insights of the ultrastructure
(G, J). Scale bars: A,B,F,C,1,J
=1pum; E, G, H: 100 nm; F, J: 1
pm; K: 500 nm

For CLEM, cell cultures are typically embedded on a slide/cover slip, which is removed after
embedding e.g. by heat shock (Fermie et al., 2018). This procedure is not suitable for
investigation of surface contacts as through removal of the slide the surface is not smooth but
shows some undesired roughness. Application of the developed flat embedding (Luckner and
Wanner, 2018a) maintained the overall appearance and orientation, offering a very precise
retrieval and subsequent correlation of LM to SEM, FIB/SEM data. The fibrin(ogen) coated
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glass slide is part of the platelet migrating experiment and has to remain in contact to the cells.
Direct thin embedding on the slides it is of great benefit, as the coordinates and the orientation
of the platelets is maintained.

Correlative microscopy with LM and FIB/SEM microscopy revealed platelet migration on
fibrin(ogen), which enables the collection and bundling of bacteria to recruit and activate
professional phagocytes. Both functions assign platelets a central role in innate immune
responses and identify them as potential target to dampen inflammatory tissue damage in
certain clinical scenarios (Gaertner et al., 2017).

7.2.3 Mitosis of HelLa

Hela is an ideal system to study the cell cycle with correlative LM and FIB/SEM and to verify
the precision, efficacy and high-resolution obtained with flat embedded specimens. Staining of
DNA allows the selection of target cells at any mitotic stage and precise time series can be
selected by fluorescence microscopy. Conventional confocal laser scanning microscopy
enables investigations with resolutions down to 150x150x500 nm in routine or with STED and
SIM down to 100 nm in xy and 250 nm in z (Betzig et al., 2006; Betzig and Trautman, 1992;
Hell and Wichmann, 1994; Linde et al., 2011; Rust et al., 2006), further pushed to ~20 nm in
xy and 50 nm in z by localization-based techniques, with STORM and PALM. FIB/SEM data
stacks reach a pixel size of 2 nm iso-voxel, which equals to a resolution of about 5 nm in xyz
under best conditions, not nearly reached in z with other block-face imaging approaches like
3View® or array tomography (minimal section thickness approx. 30 nm) (Denk and Horstmann,
2004b; Wacker and Schroeder, 2013).

Comparison of volume EM techniques for CLEM

An entire cell with a volume of 8000 um? (20x20x20 um) can be milled an imaged within 4.5 h
if lower resolutions with a pixel size of 15x15x40 nm are sufficient (Luckner and Wanner, 2018).
Increasing the resolution in z to 20 nm the data acquisition would take 8 h, with 10 nm 16 h.
Highest resolution (2 nm iso-voxel) will be typically chosen for CLEM of smaller target volumes
rather than entire cells. A centrosome including its environment can be imaged with FIB/SEM
in 2-6 h, covering an image area of 6x4 um and a depth of 2-6 um. When comparing the
advantages/disadvantages of the various volume-EM methods for 3D reconstruction, there is
principally no competition between the methods, rather than a critical judgment, which
advantages are balanced with the inherent limitations. TEM tomography, especially when
using cryo-sections, is state of the art, concerning structural preservation and resolution
(Wagner et al.,, 2017). For CLEM in combination with cryo-TEM tomography, acrobatic
preparation would be necessary, when attempting to re-localize a target region within a cell. If
adherent cells grow on sapphire discs for cryo-preparations, LM is possible before HPF, but
without the possibility of cryo-sectioning. Cryo-fluorescence LM and cryo-TEM tomography is
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only possible, for samples which can be prepared in very thin liquid layers on TEM grids (e.g.
suspensions of viruses, phages, small prokaryotic cells) for plunge freezing (Hampton et al.,
2017; Koning et al., 2014; Schorb and Briggs, 2014). Cryo-TEM of details of human cells
requires cryo sectioning of pelleted, vitrified cells. Targeting centrosomes of cells e.g. just
entering late anaphase, would be a frustrating challenge, as: i) only a minor fraction of cells
will be in this state; ii) an ideal section plane is necessary to recognize the state and iii) the
entire centrosome has to be located within the section of only a few hundred nm thicknesses.
ATUMtome and 3View® are afflicted with the same difficulties: sections as thin as possible
have to be produced in very long series. For 3View®, the situation is easier, as the block-face
is imaged, and compressions or other distortions are not likely. However, variations of section
thickness are not immediately evident. As the block-face is principally an electrical insulator,
reduction of the electrical resistance by metallizing is absolutely necessary, given by rOTO or
OTO fixations (Seligman et al., 1966; Aoki and Tavassoli, 1981; Friedman and Ellisman, 1981;
Willingham and Rutherford, 1984). However, if areas of the tissues lack membranes (highly
vacuolated plant tissue with intercellular spaces filled with resin) charging problems become
severe. Serial sections produced with ATUMtome typically vary in thickness, which is evident
by their interference color, are compressed, bear the risk of folds and are affected by knife
artifacts. Being critical, long series can be achieved only at thicknesses of 60-70 nm, although
30 nm are possible (Hua et al., 2015). However once prepared properly for SEM, a variety of
advantages are unique for ATUMtome: i) image series can be recorded automatically with
overview and several details; ii) as the method is non-destructive, the ribbons can be stored
for long time and re-imaged several times for additional information and control; iii) it is the only
method available for both, correlative immuno-fluorescence and immuno-labeling in a 3D
context; iv) the new generation of Zeiss MultiSEM allows data collection with gigantic efficiency
by simultaneous acquisition of 91 images (Eberle et al., 2015; Marx, 2013), resulting in TB
data sets which cannot be handled at present with standard PCs. The analytical capacity is
the exceptional advantage of ATUMtome, however, both, 3View® and ATUMtome are far away
from high isotropic resolution (20-60 nm iso-voxel). Only FIB/SEM allows iso-voxel in the range
of 2-5 nm over long series (Luckner and Wanner, 2018b). Signal detection of FIB/SEM offers
some additional advantages: i) with the in-lens EsB detector, the grid voltage can be adopted
to the energy of the BSE desired, typical in a range of 800 V to 1.5 kV for optimal gathering
BSE dependent on the milling rate. This assures that e.g. with a milling step of 2 nm only EsB
are collected originating from 2 nm depth of the block-face. ii) The in-lens SE detector can be
used for highest resolution as single signal or in combination with the EsB signal (Fig. 13). iv)
As charging is not a major problem for adequately prepared specimens for FIB/SEM, fixations
without rOTO or OTO and plant material can be investigated at high resolution when accepting
longer exposure times.
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Fig. 13 Comparison of
EsB and SE signal.
Detail of the FIB/SEM
block-face, images of a
mouse brain are taken at
1.5 kV (aperture: 60 um;
HC mode) with the in-lens
EsB detector (grid voltage:
-500 V) and simultaneous
with  the in-lens SE
detector. The contrast of
the EsB image is higher,
however, the signal to
noise ratio is better with
the in-lens SE image.
Scale bar: 100 nm

3D visualization

Handling (storage and analysis) of large data sets, generated by volume EM is a general
problem. A few years ago, already a 10 GB dataset would have been considered very large.
Now, raw data sets can easily comprise several hundred terabytes during an overnight run
(Zeiss MultiSEM). Considering that numerous data sets are required for a comprehensive
study, and associated alignment and reconstruction files, even expand the amount of data; it
becomes clear, that the data handling is no longer trivial. W. Denk estimated in 2013 that image
capture of a whole mouse brain could yield 60 petabytes (petabyte = 10'° bytes = 1000 TB) of
data (Marx, 2013), which was in 2016 already estimated with 1.5 exabyte (exabyte = 108
bytes) and even 175 exabytes for a human brain (Mikula, 2016). Processing a FIB/SEM data
set of 30 GB already takes a conventional workstation with 128 GB RAM to its limits.

To extract biologically relevant information from microscopic images, it is important to visualize
the data in 3D (Ruthensteiner et al., 2010). Two-dimensional cross-sectional view of a 3D
image stack is the most common method to observe 3D data sets. However, cross-sectional
views are not able to visualize the 3D information of volumetric images. Most microscopic
image analysis techniques can be categorized into three major classes, nhamely segmentation,
registration, and annotation. Typically, substructures are discerned by a manual segmentation
procedure followed by surface generation for each component using a standard software
algorithm. Segmentation can be enormous time consuming. A FIB/SEM data set of a HelLa cell
with 5 nm iso-voxel comprises 4000 sections. If only a few minutes are necessary to segment
all ER strands of a single FIB/SEM slice, two months of mindless segmentation would be
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needed. Despite the attractiveness and didactic excellence of reconstructed 3D models,
manually segmentation is too time-consuming and charged with subjectivity. Although there
are many successful attempts for software development with automatic recognition of cellular
structures (Fua and Knott, 2015; Schlegel et al., 2017; Wanner et al., 2015), a commercial
solution is not expected in near future. Visualizing the complete 3D information in a volumetric
image, without subjective evaluation, requires the presentation of all individual voxels
intensities, and the 3D spatial adjacency information of all voxels (Long et al., 2012). As voxels
near the viewer will obscure far-away voxels, a selective exclusion (threshold) of non-important
voxel intensity information is basis used in 3D volumetric image visualization (Long et al.,
2012). Real-time volume rendering for large datasets is highly desirable to investigate EM
image stacks, but often needs expensive, special hardware (i.e., high-throughput graphics card
with large memory) and software (e.g. Amira). Striking 3D information is gained, by using the
stereo-viewer with red-cyan anaglyph glasses. Due to the depth information, complex
structures, which can be hardly interpreted by 2D presentation, offer their 3D architecture
convincingly by interactive navigation (Luckner and Wanner, 2018b) (Fig. 14). As Hela cells
are densely packed with organelles of similar contrast, volume visualization is not trivial. The
amount of volume, transparency, resolution, and threshold settings have to be balanced
(Luckner and Wanner, 2018b). High contrast organelles (mitochondria, chromosomes) can be
visualized throughout the entire cell, when increasing transparency and reducing resolution. If
cellular structures are and irregular shaped and in addition densely packed (e.g. vesicle clouds,
trans-Golgi-network, clusters of endosomes) an adequate 3D presentation is only possible in
high-resolution mode (Amira volren setting), appropriate threshold and reduced number of
sections used for 3D (e.g. 1 um in z) (Luckner and Wanner, 2018b). But once adjusted for the
ROI, convincing 3D information can be collected within a short time of dozens of similar ROIs
(connection of ER to almost all lipid bodies and endosomes) (Luckner and Wanner, 2018b).
However, due to the lack of color information of separate objects, distinction between structural
elements with similar grey levels, contacting each other (e.g. ER-dictyosome) is not as
convincing compared to segmentation. In practice, a combination of both, manual
segmentation/reconstruction and volume rendering will enable a reliable 3D visualization
(Luckner and Wanner, 2018Db).
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Fig. 14 3D visualization by
volume rendering. FIB/SEM
images stack of a Hela cell in
metaphase with chromosomes
arranged in a vertical plane,
visualized with volume rendering.
Comparison of 2D (A) and 3D (B;
low resolution) presentation: the
depth information is only given by
displaying the micrographs in 3D.
For high resolution (C), the
transparency has to be reduced
as well as the number of
micrographs used for
visualization. Examine an entire
cell is achieved by adjusting all
visualization parameters first
(number of sections, threshold,
brightness, contrast and
transparency) and then shifting
the segment through the cell.
Scale bar: 1 um



Ultrastructural dynamics

Although mitosis in HelLa is described with classical TEM since decades with 2D images, 3D
visualization is possible since a few years with serial block-face imaging (3View®; FIB/SEM)
and gave impressing structural information of whole cells (Booth et al., 2016; Murphy et al.,
2011; Nixon et al., 2017; Puhka et al., 2012). The potential of flat embedding for economic
CLEM of mitotic stages and exploring in 3D topics of mitosis either not answered till now, or
not be presented with a resolution possible with FIB/SEM:

* Nuclear envelope breakdown and reconstitution.

* Golgi ultrastructure, its degradation and reconstitution during mitosis.

* Lipid bodies are organelles integrated in a membrane carousel.

» Formation of midzone and midbody.

Metamorphosis of the Nuclear Envelope

Mitosis of HelLa is semi-open, which means that a large amount of the nuclear envelope (NE)
is pertained during meta- and anaphase as ER sheets (Smoyer and Jaspersen, 2014). Its
transition to ER and back to NE is documented by detailed LM investigations (Anderson and
Hetzer, 2008; Lu et al., 2009). For 3D visualization of the NE transition both, segmentation and
volume rendering had to be applied for getting insight into the mechanism. Volume rendering
with FIB/SEM data at the resolution limit allows visualization of nuclear pore complexes in 3D,
both from the cytoplasmic side as from the nuclear matrix with 2 nm iso-voxel. Due to this till
now unreached resolution with FIB/SEM of nuclear pores, the first steps of NE breakdown
were documented by loss of the NE complexes, but pertaining the nuclear pores (after
transition) as fenestrations of the ER. The NE disappears as an integral structure; however,
large areas of ER sheets derived from NE still outline the shape of the NE, as shown by live
cell imaging (Anderson et al., 2009). The NE regions facing the centrosomes are completely
dissolved, in accordance to CLEM data (Domart et al., 2012), allowing free access for
attachment of the MT to the kinetochores. During reconstitution of the NE it is obviously an
important strategy to neatly separate the chromosomes from cytoplasmic constituents which
is achieved by compaction of the chromatin, reaching the maximum in late anaphase (Mora-
Bermudez et al., 2007) which facilitates attachment of ER sheets chromosomes, followed by
enwrapping, as convincingly shown within the last decade by LM (Andrson et al., 2009;
Anderson and Hetzer, 2008a; Lu et al., 2009). As the center of chromosome bulk is not covered
evenly, due to uneven chromosome topography and reduced accessibility for ER sheets,
nuclear tunnels through the nucleus form during telophase. They are typical for HeLa cells and
persist absolutely until interphase, as shown for numerous organisms (Malhas et al., 2011).
Reconstruction of nuclear tunnels is very time consuming with manual segmentation. However
due to the high contrast of the nuclear envelope by rOTO fixation, they can be visualized by
volume rendering within a few minutes in 3D.

Golgi

The Golgi ribbon is a general term implicating a linear arrangement of dictyosomes. During
early prophase, the Golgi ribbon disintegrates to dictyosomes, cisternae and finally to vesicles
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(Wang and Seemann, 2011). There are overwhelming CLSM investigations describing Golgi
disassembly under various experimental conditions, but its compact structural organization
and composition of stacks, cisternae, vesicles, MTs etc. impedes the high resolution, possible
with state of the art LMs, by overlap of neighboring signals. 3D reconstructions are still rare,
due to the late development of large volume reconstructions by block-face milling, especially
in combination with cell-developmental aspects (Koga et al., 2017; Ladinsky et al., 1999; Marsh
and Pavelka, 2013; Staehelin and Kang, 2008). FIB/SEM of flat embedded HeLa cells proved
to be a very economic and efficient method for monitoring the Golgi during the cell cycle. First,
the Golgi ribbon is not a ribbon rather than a basically cup shaped structure of interconnected
dictyosomes with additional branches. In contrast to some assumptions explaining the Golgi
disintegration as a sequential process disassemble into dictyosomes/stacks, further into
cisternae and finally into vesicles (Ayala and Colanzi, 2016; Colanzi and Siitterlin, 2013) the
3D data suggest a simultaneous disintegration from the Golgi ribbon direct into vesicles. The
possible contradiction to CLSM investigations, interpreting dictyosomes being separated,
before they dissociate into single cisternae/vesicles (Wang and Seemann, 2011; Wei and
Seemann, 2009), could be explained by the ultrastructural investigations, clearly showing that
clouds of vesicles still outline the former stacks, suggesting the presence of intact dictyosomes.
Golgi reassembly could be best studied with onset of telophase, as during anaphase-B neither
dictyosomes nor cisternae are present. Volume rendering of restricted depth gives high-
resolution 3D information of the interaction of ER in contact to endosomes and clouds of
vesicles, obviously fusing/forming small, but typical dictyosomes, which connect to a
patchwork, first being present as fragments proximal to the centrosome, as well as at the distal
side of the nucleus, facing the midbody. When reaching resolution limit of FIB/SEM (2-4 nm
voxel size) the quality of the data sets approaches fairly well to TEM tomography (Ferguson et
al., 2017; Marsh and Pavelka, 2013; Ranftler et al., 2017; Staehelin and Kang, 2008).

Endomembrane System

For along time, lipid bodies were not in focus of ultrastructural investigations. Their significance
become obvious by investigation of approx. 35 HelLa cells studied in 3D in various stages of
the cell cycle. They could be described as an organelle, abundantly present, and connected
both, to the ER and to clouds of vesicles, possibly derived from Golgi. Although in plant cells
the ontogeny and degradation of lipid bodies was already described in detail since the early
80", as spherical organelles with an apolar matrix of triacylglycerols and half unit membrane
as boundary to the cytoplasm (Wanner and Kdost, 1984). Comparable models were not
available for some decades for animal cells. A lack of motivation for lipid body investigations
may be seen in a simple interpretation, that they are principally energy stores. The possible
role of lipid bodies as a transient store for membrane components (Wanner and Kost, 1984)
was probably not considered. The idea favors an economic metabolism of membrane lipids
(e.g. lecithin) by simply replacing in few enzymatic steps the polar group by a fatty acid, to form
triacylglycerol, the apolar matrix of lipid bodies, with minimal surface, but potentially providing
an enormous amount of membranes, which can be readily reorganized on demand. Lipid
bodies were long perceived as inert fat particles in animal systems and been largely ignored
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by cell biologists. However, more recently, they are increasingly recognized as dynamic
organelles that represent a frontier for cell biology (Farese and Walther, 2009). As for plants
(Wanner et al., 1981) HelLa lipid bodies are typically connected to one or several strands of
ER as shown both by 3D segmentation and volume rendering. Surprisingly, in close vicinity to
lipid bodies, various types of endosomes are in luminal connection to the same strand of ER.
As this is typical for the vast majority of lipid bodies and endosomes, they cannot be considered
as independent compartments. The categorical separation of structural and functional cellular
entities may be responsible for competing opinions — neither model is entirely concurrent with
the dynamics of an interconnected system. A model is presented, illustrating the recycling of
membrane components in a concert of ER, endosomes, and lipid bodies (defined as ERELB).
Modern LM, involving in vivo imaging, complemented by high resolution FIB-SEM tomography
could provide clarifying information at the nano-scale as discussed e.g. for the multitude of
inter-organellar interactions involving lipid droplets (Gao and Goodman, 2015).

Essential Role of Clamps for Midzone Formation

The two sets of chromatids separate during mitotic anaphase, characterized by an organized
central spindle midzone between in-between, consisting of a dense network of overlapping
antiparallel microtubules (Mastronarde et al, 1993). The role of the spindle midzone is essential
for the initiation and completion of cell cleavage and is the binding site for a number of proteins,
which play a part in cytokinesis (Cao and Wang, 1996; Wheatley and Wang, 1996; Glotzer,
1997; Robinson and Spudich, 2000). Electron microscopy has already very early shown an
amorphous electron-dense matrix centered on the zone of overlap of anaphase central spindle
microtubules (Buck and Tisdale, 1962; McIntosh and Landis, 1971). The midzone region of the
anaphase spindle remains ill-defined with respect to morphology, constituents and function,
although many antigens specific to the midzone region of the anaphase mitotic spindle have
been reported (Kurasawa et al. 2004). A combination of manual segmentation and volume
rendering gives new insight with high resolution to visualize the very early steps of midzone
formation during anaphase-A. Although the time for mitosis is different for individual HeLa cells,
ranging from 24 min to 90 min, anaphase-A is constantly very short in HeLa and typically only
2 min (Meraldi et al., 2004). Only CLEM with in combination with ultra-thin embedding enables
to pick a sufficient number of the very rare cells in anaphase-A for high resolution FIB/SEM
milling. Characteristic for early anaphase chromatids is an attachment of MT running from the
central spindle through the chromosome aster to their flanks towards the sister chromatids.
The formation of the midzone is characterized by two phases: i) initial step of clamp formation;
i) bundling of the MT by clamps, increasing in size and bundling more MTs, suggesting that
midzone formation is mediated by microtubules (MT), passing the arms of separating
chromatids thereby withdrawing chromatin from the telomere regions. Chromosomal
passenger complexes (CPC) translocate in anaphase-B from the centromeres to the ends of
the chromosomes (Carmena et al., 2012; Kurasawa et al., 2004). Accumulation of CPC and
VTCs form clamps in the midzone. Electron dense clamps could be efficiently separated by
semi-automatic threshold-based segmentation, due to their strong contrast of rOTO
impregnation. The 3D reconstructions show clearly the contact of MTs and adhering putative

65



CPCs or ERGICs. Although many publications present EM images, where vesicles are seen
in midzone area, there is no indication that they may play a role in midzone/clamp formation in
anaphase. As it is likely that small vesicular-tubular structures are Golgi derivatives,
intermediate compartments (IC) are the likely candidates representing the vesicles. This is
supported by investigations of NRK cells, providing evidence that the permanent IC elements
function as way stations during the COPI-dependent dispersal of Golgi components at
prometa- and metaphase, indicating that they correspond to the previously described Golgi
clusters (Marie et al., 2012). Although the IC elements maintain their clustering at the spindle
poles during metaphase to telophase, they also associate with the central spindle, imaged with
high-resolution CLSM. VTCs are omnipresent in the cytoplasm of HeLa cells. In mammalian
cells, COPIl vesicles are widely accepted to form VTCs, a more complex transport
intermediate, by homotypic fusion (Hughes and Stephens, 2008). With increasing aggregation,
the clamps reduce in length to + 0.6 um. In later stages they form a compact structure, the
midbody. With onset of cytokinesis, densely packed MTs passing the midbody are still visible,
ending as bundle in the daughter cells. Vesicles, vesicular-tubular clusters (VTCs) and tubular
ER are located between the MT-bundles, till to the center of the midbody.

7.2.4 Invivo CLEM of spine plasticity

In neuroscience, there is an increasing demand to correlate dynamic in vivo fluorescence data
with ultrastructural details. Two-photon microscopy is a well-established technique in the field
of life sciences, especially neuroscience, providing the highest depth information for more than
two decades (Denk et al., 1990). It is one of the few imaging methods that allows observation
of suitable experimental animals over a period of weeks or even months. This method was
successfully applied by several groups since the 1980™, to study mice brains with the ultimate
goal of understanding the development of Alzheimer's disease (AD) (Kerr and Denk, 2008;
Yang and Yuste, 2017). However, due to the limited resolution of 2-photon microscopy (lateral
approx. 500 nm; 1-2 um in the axial), morphological changes of dendrites, mitochondria, ER
and Golgi apparatus, which play an essential role the pathogenesis of AD, cannot be
addressed (Baloyannis, 2015).

For many years, electron microscopy has been successfully used, separate from light
microscopy, for investigations of ultrastructural changes in heurodegenerative diseases brain
tissues (Baloyannis et al., 1992; DeKosky and Scheff, 1990; Neuman et al., 2015; Baloyannis,
2015). Within the past 10 years several protocols were developed to correlate in vivo 2-photon
microscopy with electron microscopic data, based either on DAB-conversion of GFP or near-
infrared branding landmarks (NIRB) (Bishop et al., 2011; Grabenbauer, 2012; Karreman et al.,
2016; Lees et al.,, 2017). Every few month, new protocols are published, but instead of
facilitating acrobatic preparation procedures, the approaches getting more and more complex,
involving additional applications, which do not facilitate CLEM in daily routine (Karreman et al.,
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2016). CLEM will always be a challenge, because of completely different requirements of the
samples for in/fex vivo LM and FIB/SEM microscopy, involving numerous preparation steps
and physical modifications. Starting with a rather large sample (entire organism, tissue
sections) hydrated, soft and e.g. transparent, which has to be cut into small pieces, becoming
opague after heavy metal impregnation, solid and brittle after dehydration, with loss of
orientation.

Retrieval of a target dendrite and associated synapses with an approx. volume of 1 um?® within
an entire mouse brain with approx. 10'? pym?3 is almost impossible without reference points.
Simplified, it is like looking for an individual grain of sand within a sandbox. Recent research
topics involve live cell observations into correlative workflows (Karreman et al., 2016; Maco et
al., 2013). The feasibility of the living tissue-based correlative workflow using FIB/SEM
technology was demonstrated by (Blazquez-Llorca et al., 2015).

Further improving and simplifying CLEM, as well as optimizing data acquisition provides now
a stable technique, to address different correlative questions of life sciences. The workflow
developed, is based on immobilized vibratome sections, and solely use of natural landmarks
to re-locate target areas in FIB/SEM (Luckner et al., 2018). Any ultrastructural alterations (e.g.
precipitations formed by DAB-conversions, mechanical distortion by NIRB marks) are avoided.
Cutting and immobilizing 50 pum vibratome sections of the mouse brain enables in addition ex
vivo confocal investigations of the previous in vivo imaged target region, immediately re-
located by the characteristic blood vessel pattern. Mapping natural landmarks, either single or
in combination (blood vessels, nuclei and axons), in close vicinity to the target, allow fast re-
localization of the previously monitored dendrite, with a precision of few micrometer (Luckner
et al., 2018). As blood vessels and nuclei are abundantly present in all animal tissues, this
method can be applied for a variety of histological investigations (kidney, liver etc.). Vibratome
sections are ideal for FIB-SEM investigations: due to their thickness of approx. 50 um, they
can be adequately fixed and milled by the ion-beam in their entire depth. As the brain sections
are immobilized to a glass slide, their orientation does not change and a correlation only by
superimposition of the LM-image with the SEM-image is directly given by ultra-thin embedding.
Capitalizing the spectrum of SEM parameters, using different detectors and accelerating
voltages, provides a topographic and material contrast visualizing blood vessels, nuclei and
even myelinated axons of the upper surface for a precise correlation. With image pixel sizes
down to 5 nm of serial FIB/SEM sections, detailed investigations of the tripartite synapse
(spine, pre-synapse, astrocyte) are possible. FIB/SEM is the only method at present, to study
fine astrocytic processes or spine necks with sizes down to 20 nm in 3D within large volumes.
Several thousand consecutive sections of the same part of a dendrite, monitored over weeks
by 2-photon microscopy, provide complementary ultrastructural information to dynamic in vivo
data. The developed workflow of thin/ultra-thin embedded vibratome sections has proven for
precise and economic CLEM in routine, reduced to a minimum of preparation steps, allowing
highest resolution. It is now a promising tool for statistical relevant serial examination in routine
for investigation of dynamics of neurodegenerative processes e.g. plaque disposal or
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deposition of misfolded tau oligomers, a marker of AD, within synaptic components during
Alzheimer’s disease (Baloyannis, 2015).
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8 Conclusion & Outlook

Correlative light and electron microscopy requests: i) high resolution; ii) precise correlation; iii)
large volume analysis; iv) applicability in daily routine and v) being fast in acquisition and 3D
analysis. TEM-tomography fulfills i) hardly ii) and not iii) and iv). Three further candidates are
considered: array tomography (conservative, allowing post sectioning analytics), 3View®
(cheapest, concerning acquisition of data sets and very suitable for largest volumes) and
FIB/SEM (highest resolution in z; suitable for large volumes but very expensive). If primarily
resolution is required, only FIB/SEM can bridge high resolution CLSM with TEM tomography.
Large volumes can be investigated at high resolution, admitted beyond TEM tomography, but
sufficient for a vast majority of cytological investigations. There is no competition between the
four different techniques, only a comparison of which one is most suitable for given demand.
If several mm? of tissue are needed for 3D reconstruction, 3View® will be the first, if not only
choice. If re-investigations and immunofluorescence or post embedding immuno-labeling are
necessary, only array-tomography can achieve these demands. If isotropic high-resolution is
desired, only FIB/SEM can offer resolutions down to 2 nm iso-voxels.

For establishing FIB/SEM for CLEM as an economic routine method, four basic factors are a
prerequisite: i) a coordinate system connected to the sample; ii) samples adherent to the
slide/coverslip; iii) thin and ultra-thin embedding of the samples and, iv) an efficient 3D
reconstruction. The coordinates on slides are appropriate for any investigation, from critical
point dried samples to thin and ultra-thin embedding within epoxy resins, allowing precise
correlation of adherent cells. Immobilization of non-adherent cells will be still a challenge. With
thin- and ultra-thin embedding, FIB/SEM data acquisition is not limited in milling time (few
seconds per section) rather than by the exposure time (in the range of 20-60 sec/image).
Exposure time is defined basically by dwell time/per pixel and number of pixels/image. The
total number of pixels is given by the desired field of view and the resolution being necessary.
The only variable for resolution is the signal to noise ratio, which, however, is coupled, to the
dwell time. The rOTO staining already provides a very strong membrane contrast, which
cannot be further enhanced by modifying protocols without loss of ultra-structural resolution
(artificial thickening of membranes). Increasing the dwell time e.g. by a factor of two, have two
drawbacks: i) prolonged time of total FIB/SEM run (factor of two), resulting in higher costs
(factor of two) and ii) higher risk of radiation damage by the imaging electron beam. There is a
great expectation that new, more sensitive and efficient detectors, can improve the signal to
noise ratio either by a constant dwell time or allow shorter exposure times for the same signal
to noise ratio.

Exposure time is generally considered as a time factor and not in relation to stability of resins.
Beam damage is not a problem at moderate resolutions (pixel size in x/y; 10-15 nm) but
electron beam exposure dose increases squared, when the pixel size is halved. Decreasing
from 10 nm to 2 nm voxel sizes, the dose is 25-fold and a visible electron beam damage can
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be expected. For highest resolution, the resin stability is of utmost importance. The
development of new, extreme beam-stable resins would be of great benefit.

With standard equipment, a FIB/SEM run needs a few hours to be stable enough for long data
acquisition. If several days are needed for several thousand sections, these foreruns can be
accepted. However, for economic high-resolution CLEM, this is too long. Instabilities during
the first hours are supposed to derive primarily from the adaption of the sample to the
temperature within the SEM, resulting in specimen drift (temperature adaption of the specimen
+ holder) and possibly specimen warming up due to energy uptake by electron and ion-beam.
This is a complex physical situation, as specimen size is not constant, energy input depends
on high voltage, ion-beam current, milling time and exposure time. Creating constant thermal
conditions (Peltier cooling) in combination with online temperature registration could help to
reduce instabilities.

Despite the attractiveness of manually segmented and reconstructed 3D models, it is too time
consuming and charged with subjectivity, especially at high-resolution. Automatic feature
recognition will not be available for a rapid analysis within the next years on standard
computers. The best way at present is direct volume rendering, which proves to be a very
efficient and objective tool. Its application could be facilitated by some software-based
improvements e.g. automatic adaption of brightness and contrast, when changing volume
rendering parameters (transparency, depth of volume) and by storing data direct from software
(Amira) in a compatible format to examine the results interactively on other computer platforms,
similar to interactive PDFs (Ruthensteiner et al., 2010; Ruthensteiner and Hess, 2008).
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Abstract

A portfolio is presented documenting economic, high resolution correlative LM and SEM, and
LM and focused ion beam scanning electron microscopy (FIB/SEM) in routine, comprising: i)
the use of custom-labeled slides and coverslips for correlative light and electron microscopy
(CLEM); ii) immobilization of cells and tissues onto slides; iii) development of a procedure to
fix and embed tissues with a filter system; iv) embedding of cells in thin, or ultra-thin resin
layers and v) the application of a stamp for post-embedding labeling.
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Coordinates, Flat Embedding, Absolute References
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Abstract

Correlative light and electron microscopy (CLEM) has been in use for several years, however it has remained a costly method with difficult
sample preparation. Here, we report a series of technical improvements developed for precise and cost-effective correlative light and
scanning electron microscopy (SEM) and focused ion beam (FIB)/SEM microscopy of single cells, as well as large tissue sections.
Customized coordinate systems for both slides and coverslips were established for thin and ultra-thin embedding of a wide range of
biological specimens. Immobilization of biological samples was examined with a variety of adhesives. For histological sections, a filter
system for flat embedding was developed. We validated ultra-thin embedding on laser marked slides for efficient, high-resolution CLEM.
Target cells can be re-located within minutes in SEM without protracted searching and correlative investigations were reduced to a
minimum of preparation steps, while still reaching highest resolution. The FIB/SEM milling procedure is facilitated and significantly
accelerated as: (i) milling a ramp becomes needless, (ii) significant re-deposition of milled material does not occur; and (iii) charging effects
are markedly reduced. By optimizing all technical parameters FIB/SEM stacks with 2 nm iso-voxels were achieved over thousands of
sections, in a wide range of biological samples.

Key words: CLEM, EDX, FIB-SEM, flat embedding, tomography
(Received 13 March 2018; revised 5 June 2018; accepted 16 July 2018)

Introduction 2017). A period of 10 years after FIB/SEM was recognized as a
revolutionary tool for 3D-EM in biology, these instruments are
widely accepted as expensive, but highly complementary and
efficient tools, which are indispensable for ultrastructural studies.
However, the analytical potential of the instrument itself, the
SEM, is still not fully exploited. Initially, a SEM was simply
considered a surface imaging instrument. However, the use of
different detectors and the variation of many SEM parameters
offer enormous analytical capacities, well beyond surface imaging.
Three different signals can be routinely used for structural and
analytical information, as described by Bozzola & Russell (1991).
First, the secondary electrons (SE) give the characteristic topo-
graphy of SEM images. Second, the backscattered electrons (BSE)
provide a material contrast and due to their high energy and sub-
surface information. Third, X-ray detection can be harnessed to
analyze the local atomic composition (Scala et al., 1985; Bozzola &
Russell, 1991; Utke et al., 2012; Drobne, 2013). These signals can
be monitored separately or in combination and are indispensable
for SEM and to some extent required for FIB/SEM.
Despite utilizing multiple signals, a correlation of light
microscopy (LM) and EM remains challenging. Reference points
Author for correspondence: Gerhard Wanner, Email: wanner@lrz.uni-muenchen.de or fiducial markers are essential to facilitate a correlation, but a
Cite this article: Luckner M and Wanner G (2018) From Light Microscopy o njyerga] labeling does not exist, since the requirements vary
Analytical Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB)/SEM in N A N
widely for different experiments. Many years before they were

Biology: Fixed Coordinates, Flat Embedding, Absolute References. Microsc Microanal.
doi: 10.1017/51431927618015015 commercially available, we developed slides (= point finder) with

For three-dimensional (3D) ultrastructural investigations with
electron microscopy (EM), five different techniques are typically
used (Fig. 1). Each one of these techniques, however, has sig-
nificant drawbacks: (i) classical transmission EM (TEM) serial
sectioning, which is largely unsuitable for long series, has many
drawbacks, such as compression of sections, uneven stretching,
folds, knife marks, etc.; (ii) TEM-tomography, although achieving
the highest resolution, is limited in section thickness (max. 1 um);
(iii) serial block face sectioning (3View"), a built-in ultra-
microtome within a scanning electron microscopy (SEM), is
suitable for large volumes but limited in section thickness (20 nm
at best) and is hampered by charging; (iv) array tomography,
which is non-destructive, but limited in z-resolution just as
classical serial sectioning; and (v) focused ion beam (FIB)/SEM-
tomography, which currently offers by far the highest resolution
along the z axis with a “section thickness” down to 2 nm for long
image series (for review see: Peddie & Collinson, 2014; Romero-
Brey & Bartenschlager, 2015; Karreman et al., 2016; Xu et al,

© Microscopy Society of America 2018.
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re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Comparison of volume electron microscopy techniques, for classical
transmission EM (TEM) serial sectioning, consecutive ultrathin sections are collected
on grids and imaged separately with TEM (a). For TEM-tomography thin sections (0.3-
1um) are cut with a diamond knife, collected onto a grid, which is tilted relative to the
TEM to 70°. After registration and back-projection, a tomogram is provided (b). For
array-tomography serial sections are cut with a diamond knife, collected with an
automated conveyor belt onto an adhesive tape (ATUMtome), mounted onto glass
slides or silicon wafers and investigated with an scanning electron microscopy (SEM) (c).
3View®, the commercial version of the invention of W. Denk, manufactured by Gatan
with a built-in ultramicrotome within the SEM. Serial sections are cut with a moving
diamond knife and the block-face is imaged after every section (d). Focused ion beam
(FIB)/SEM serial block-face milling is achieved by tilting a specimen in an SEM to 54°. An
ion-gun is placed in the SEM at the same angle so that sections can be milled
orthogonal to the specimen surface. Block-face images are taken at an angle of 36° with
an SEM, and either backscattered electrons or secondary electrons are detected (e).

stable, solvent resistant coordinates by sintering transfer pictures
(decalcomania; Wanner et al., 1993). Since the labeling was ele-
vated, experiments such as chromosome spreads were impeded.
With new laser technology, it was possible to produce engraved
coordinate systems with much finer symbols. These slides were
suitable for wider range of biological samples, including chro-
mosome spreads, microorganisms, and proliferating cultured
cells. Confocal laser scanning microscopy has broadened the
spectrum allowing the production of labeled coverslips.

When correlative light and electron microscopy (CLEM)
became fashionable, the scientific interest was primarily focused
on improving LM resolution, aiming to image the smallest

c bright field fluorescence
>
h N
d bright field fluorescence
jaa SN

fluorescence

e  phase contrast
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Figure 2. Benefit of a coordinate system for correlative light and electron
microscopy. Examples of common investigations, which are either facilitated or
made possible by correlative light microscopy (LM)/scanning electron microscopy
(SEM). The classical claim, identifying rare objects in the LM with bright field or phase
contrast (a; circle) and simply re-locating in SEM. Cells often produce inclusion
bodies, not seen in the bright field but in phase contrast (b; circles), can be further
analyzed in SEM. Vitality is an important criterion; cells (e.g. diatoms) with
chloroplasts show autofluorescence in living state (c; circles). Non-fluorescent cells
can be ignored for further investigation with SEM. For any image interpretation,
oriented section planes of biological structures are essential; e.g. heterocysts of
filamentous cyanobacteria can be investigated with LM, selected based on vitality of
the vegetative cells (autofluorescence of chlorophyll) and presence of heterocysts,
documented with the coordinates and re-located in SEM for either cross or
longitudinal sections with focused ion beam (d; circles). Rare cytological targets, as
specific labeled chromosomes, are investigated/selected with phase contrast and
fluorescent signals to enable further SEM investigations (e; circle).

structures first in live mode, and afterwards complementing these
images with ultrastructural information. Unfortunately, the term
CLEM is usually associated with recent studies using state of the
art high-resolution 3D-LM. However, many studies only require a
rather simple correlation with low-resolution wide-field/fluores-
cence LM, which is illustrated for some examples (Fig. 2), high-
lighting the importance of coordinates facilitating CLEM, e.g.
(i) finding rare cells growing in low density (Fig. 2a); (ii) finding
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cells with inclusions (Fig. 2b); (iii) selecting vital cells of a
population (Fig. 2c); (iv) registering heterocysts of filamentous cya-
nobacteria, either for cross or longitudinal FIB/SEM milling (Fig. 2d);
or (v) selecting immunolabeled chromosomes in metaphase (Fig. 2e).

A critical requirement for CLEM is firmly maintaining the
sample in position, thus maintaining the orientation from live
imaging LM to SEM. As only a minor fraction of biological speci-
mens are inherently adherent or sticky (e.g. adherent cell cultures),
it is necessary to establish procedures to immobilize a wide range of
biological objects, such as single cells, cell aggregates, tissues, or
tissue sections. Sample adhesion has to be stable to withstand all
changes of solutions, buffers, fixatives, and solvents both by plun-
ging or centrifugation. Finally, a prerequisite for correlative
microscopy consists of embedding specimens in very thin layers of
epoxy resin for precise re-localization of regions of interest (ROIs).
Depending on cell size, density, etc., it is desirable to control the
thickness of the sample with regards to the requirements of the
scientific question. The first attempts for flat embedding were
achieved by draining the resin by gravity, centrifugation, or careful
blotting (Kizilyaprak et al., 2014). In another study, animals infil-
trated in 100% resin were removed from the resin droplet using
toothpicks or pins, moved onto the substrate and drained with filter
paper (Schieber et al., 2017). To significantly reduce the final resin
layer, cells were infiltrated with 100% resin, then quickly rinsed with
100% ethanol to remove of excess resin (Belu et al., 2016). In a
recent book chapter, the technical possibilities for various embed-
ding protocols (classical en bloc embedding and thin-layer plastifi-
cation) were compared for live cell imaging of adherent cells with
volume SEM using Ibidi u-dish 500 or MatTek finder grid dishes.
Minimal resin covering of cells was achieved by upright positioning
of the cell substrate for draining and with polymerization starting at
lower temperatures (Lucas et al., 2017).

Our aim was to enable CLEM, by avoiding any hazardous or
complicated manipulations, to evolve from an expensive method
into a cost-effective technology suitable for a wide spectrum of
biological samples. To this end, we focused on the following aims:
(i) to design and produce slides and coverslips with a variety of
customized coordinates for correlative LM and SEM and FIB/SEM
of both critical point dried (CPD) and flat embedded samples; (ii)
to establish a labeling technique for “post-embedding”; (iii) to
evaluate strategies to immobilize cells and tissue sections; (iv) to
develop a filter system for “flat embedding” of large, fragile or
delicate specimens; and (v) to use thick epoxy sections for high-
resolution LM, TEM, and FIB/SEM tomography. Each topic was
validated for at least one scientific challenge.

Material and Methods
Manufacturing of Customized Coordinates

Elevated Labels for Slides and Cover Slips

Coordinates, which are elevated and added on top of the surface
of the slides/cover slips, were made by Gaflner Glastechnik
GmbH (Planegg, Germany) with transfer pictures (dec-
alcomania), glued to the slide and sintered at high temperature
(Point finder; Wanner et al., 1990, 1993). AG Lasergravuren
(Weilheim, Germany) produced extremely dense and small labels
with sintered titanium on cover slips.

Engraved Slides and Cover Slips
Laser engravings on slides or coverslips were produced by Laser
Marking, (Fischen, Germany), Griiner Laser Products GmbH &

Co. KG (Munich, Germany) and AG Lasergravuren (Weilheim,
Germany), according to our desired coordinate systems template.

Water-Resistant Stamp

A water-resistant stamp with a coordinate system according to
our design was manufactured by modico GmbH & Co KG
(Fiirstenfeldbruck, Germany).

Biological Material

Chromosomes were isolated, fixed with formaldehyde, and pro-
cessed as described by Wanner & Schroeder-Reiter (2008) and
Wanner et al. (2015). M. bavaricum (kindly provided by Prof. Dr.
Dirk Schiiler; University of Bayreuth) were fixed onto slides either
by drop-cryo preparation (Wanner et al.,, 2008) or by high-pressure
freezing as described by Jogler et al. (2011). Anabaena catenula
(strain SAG 1403-1; EPSAG, Géttingen, Germany) was fixed with
2.5% glutaraldehyde in cacodylate buffer (2 mM NaCl; 2 mM MgCl,;
75mM cacodylate; pH 7,0) or high-pressure frozen and freeze
substituted before immobilization onto slides. Porphyridium pur-
pureum was purchased from EPSAG, fixed with 2.5% glutaraldehyde
in cacodylate buffer (2mM NaCl; 2mM MgCl,; 75 mM cacodylate;
pH 7,0) and embedded into epoxy resin. Tradescantia zebrina was
provided by the Botanical Garden (Munich, Germany) and fixed
with 2.5% glutaraldehyde, 2mM NaCl; 2mM MgCl,; 75mM
cacodylate; pH 7,0. HeLa Kyoto cells were kindly provided by Prof.
Dr. Heinrich Leonhardt (LMU, Munich, Germany). Cells were
cultured and grown on laser marked slides and fixed as described by
Luckner & Wanner (2018). Human platelets were cultured and
immunolabeled by Dr. Florian Gartner (Klinikum, LMU) (Gaertner
et al., 2017). Breast cancer cells (SKBR3) were kindly provided by
Prof. Dr. Angelika Vollmar (LMU) and fixed the same way as HeLa
cells. Mouse brain tissue was kindly provided by Prof. Dr. Jochen
Herms (DZNE, Munich, Germany) fixed with 2.5% glutaraldehyde
in cacodylate buffer and post-fixed as described below.

Coating of Slides with Adhesives

Poly-lysine (Merck, Darmstadt, Germany)

Laser marked slides/cover slips were coated with poly-lysine
according to the manufacturer’s instructions. Poly-lysine coated
slides were used for drop/cryo-fixation of chromosomes (Martin
et al, 1994; Wanner & Schroeder-Reiter, 2008; Wanner et al.,
2015), fixation of M. bavaricum (Jogler et al., 2011) and Chlor-
ochromatium aggregatum (Wanner et al., 2008).

Biobond (Science Service GmbH, Munich, Germany)

Slides were coated according to the manufacturer’s instructions and
stored for weeks. For a first test, a drop of sample (cyanobacteria,
diatoms, green algae, filamentous algae, biofilm) was placed on a
coated slide, covered with a cover slip, and gently pressed, resulting
in a thin layer of cells and providing contact with the surface of the
slide for sufficient adhesion (Fig. 3a). The coverslip was removed
after a few minutes and the slide was gently agitated in the buffer,
medium etc. and again covered by a cover slip.

Cell-Tak™ (Corning™, New York, NY, USA)

Cell-Tak™ a mussel protein (Waite & Tanzer, 1981) was used for
adhesion of vibratome sections of mouse brain and histological
sections with a thickness up to 100 um. Cell-Tak™ was applied to
slides according to the manufacturer’s instructions. The cells/tissues
were placed on coated slides in the buffer, covered with a covered
slip gently pressed for a proper contact of the tissue to the slide.
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Figure 3. Preparations for flat embedding. If cells or tissues are either adherent or can be immobilized onto slides (a), fixation, post-fixation, dehydration, and infiltration with
resin are carried out by submerging in cuvettes (b). Thin resin layers are achieved by draining (gravity) (b). For ultra-thin embedding, infiltrated slides are transferred into an
acetone-saturated chamber for draining (gravity), which is optionally followed by centrifugation (c). Cells available only as resin infiltrated pellets (e.g. high pressure frozen) can
be dropped onto slides and spread/drained in an acetone chamber (d). If resin layers obscure the coordinates of the slides, a stamp can be used for post-embedding labeling
for correlative light and electron microscopy (e). Delicate biological samples can be infiltrated within a filter system (f): after light microscopy, samples are placed between
acetone resistant filter membranes, sealed in a holder, processed until infiltration by flow through with a syringe. For thin embedding, samples are transferred to a glass slide
(for additional LM after polymerization) before draining with filter paper or optional blowing with a dust cleaner for removal of excessive resin (f). For reduction of potential
charging effects, specimens are trimmed to a proper size (g), mounted onto aluminum stubs with conductive silver by contacting the glass surface broadly. Specimens are
coated with carbon by evaporation (h) and transferred to the focused ion beam (FIB)/scanning electron microscopy (SEM) (i).

Bondic® (VIKU UG, Munich, Germany)

Bondic® is a viscous adhesive polymerized by UV radiation. It
is waterproof and heat resistant. A drop was spread over a slide
with a coverslip. Pieces of biological material were placed in
the buffer on the coated area, covered with a coverslip and
exposed to UV light from the backside of the slide for a few
seconds.

Immobilization and LM Procedure

Cells/tissues were immobilized with suitable adhesives previously
described. Samples were sealed with a coverslip and Fixogum
(Marabu GmbH & Co. KG, Tamm, Germany) in the buffer, to
prevent drying during LM imaging. ROIs were marked on a
template copy with the same coordinates as on the slides. For
standard CLEM documentation of ROIs, two to three different

Downloaded from https://www.cambridge.org/core. IP address: 138.245.214.196, on 16 Oct 2018 at 15:34:23, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms. https://doi.org/10.1017/51431927618015015


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1431927618015015
https://www.cambridge.org/core

Microscopy and Microanalysis

magnifications (objective: 5x, 10%, 40x) were sufficient for
retrieval in SEM. Depending on specimen properties, bright field
(BF), phase contrast (Ph), differential interference contrast (DIC),
and epi-fluorescence or laser scanning microscopy (LSM) was
used (Carl Zeiss, Oberkochen, Germany). Different areas were
routinely documented, since (i) there can be a loss of few cells
and/or damage during handling; (i) some cells may show
insufficient fixation quality or contrast in SEM among neigh-
boring cells that are adequate in structure and contrast. LM can
be repeated after thin embedding in epoxy resin, to monitor
structural changes, control of contrast enhancement, and to check
preservation of selected ROIs or to select new ones.

Post-Fixation by Submerging

Samples were processed, by submerging slides in buffers, fixatives,
solvents, and resins, in standard staining cuvettes (Fig. 3b). The
customized rOTO-protocol, was based on (Willingham &
Rutherford, 1984), with 1% OsO, (Science Services, Munich,
Germany) and 1% K, Fe(CN)s (Merck) in cacodylate buffer for
30 min, washed three times in aqua bidest., incubated with 1%
thiocarbohydrazide (Merck) in aqua bidest. for 30 min, washed
with aqua bidest. three times, followed by post-fixation with 1%
Os0, in aqua bidest. for 30 min. The samples were rinsed three
times with aqua bidest. and dehydrated in a graded series of
acetone (10, 20, 40, 60, 80, 100%), with a 1% uranyl acetate
(Science Services) step in 20% acetone for 30 min.

CcPD

Dehydrated samples were CPD (Polaron, Montreal, Canada).
After CPD, slides were either stored in a desiccator (to prevent
hygroscopic water uptake and consequent ultrastructural chan-
ges) or in little transport boxes sealed with Parafilm (Merck).

Flat Embedding in Thin and Ultra-Thin Epoxy Layers

Immobilized cells and tissues were processed and embedded on a
glass slide.

Thin Embedding

Immobilized cells/tissues were infiltrated with 1:1 Hard-Plus
Resin-812 (Science Services) in acetone for 15 min, 2:1 for 30 min,
75-100% Hard-Plus Resin-812 for 30 min at RT. The excessive
resin was removed by draining (Fig. 3b).

Ultra-Thin Embedding

Immobilized cells/tissues were infiltrated with 1:1 Hard-Plus
Resin-812 in acetone for 15 min, 2:1 (resin in acetone) for 30 min
and 75-100% Hard-Plus Resin-812 for 30 min. The slides were
immediately placed in a falcon tube, saturated with acetone,
allowing the excessive resin to drain into filter paper at the bot-
tom of the falcon tube for 30 min. To prevent dilution of the resin,
direct contact of the slides with the filter paper, soaked in acetone,
was avoided by putting a spacer (e.g. polypropylene cap) in
between. As the acetone cannot volatilize, the resin concentration
is not increased during infiltration and maintains its high fluidity
to drain quantitatively. In some cases, when necessary, an addi-
tional centrifugation step was added (2min; 1000 rpm). All
samples were polymerized at 60 °C for 72h (Fig. 3¢).

Protected SEM Preparation by Filter System

If tissues could not be immobilized, a filter system was used
(Fig. 3f). Samples were placed, with a drop of buffer on hydro-
philic, acetone-resistant 13 mm ipPore Track Etched Membranes
(it4ip, Belgium), with a thickness of 12 ym, a pore size of 0.4 um and
a pore-density of 1x 10%/cm? to enable a sufficient flow rate by an
appropriate stability. A second membrane is then placed to cover the
tissue; subsequently the “membrane sandwich” is placed on top of
the planar bottom part of the filter holder. The filter system is closed
with the upper part of the holder, containing an O-ring (Fig. 3f).
Care has to be taken that the O-ring is not contacting the “mem-
brane sandwich” by screwing the plug. Reagents for post-fixation,
dehydration, and resin infiltration were injected by 5ml syringes
(B. Braun Melsungen AG, Germany). Before polymerization,
samples were transferred to slides. Draining and blotting of the
excessive resin, with filter/lens paper or with a dust cleaner and
monitored with a stereo lens (Fig. 3f), was effective in removing
excessive resin until the samples appeared completely dry.

Thick Epoxy Sections

Classic TEM resin blocks were trimmed and sections with a
thickness of 5-10 um (depending on the cell size and density) were
cut with a glass knife, then placed onto a drop of aqua bidest. on a
laser-marked slide. If resins are brittle, the specimen can be heated
with a blow dryer to ~50 °C to increase elasticity. While heating the
slide to ~60-80 °C, the sections soften and stretch to their original
size, which can be controlled while viewing with a stereo lens. Once
the water droplet has evaporated, the sections stick to the slide.

Mounting and Conductive Coating

Coverslips were used in their entirety, whereas glass slides were
scored with a diamond scriber (Ted Pella Inc., Redding, CA, USA)
and a ruler and fractured into appropriately sized pieces, to reduce
the surface area of the glass and consequently potential for charging
during SEM investigations (Fig. 3g). If in-lens SE or in-lens energy
selective backscattered electron (EsB) detectors were needed for
highest resolution, the samples were cut to smaller pieces to allow
short working distances (WD) in the range of 1-2 mm. Pieces were
mounted with conductive silver colloid (Plano, Wetzlar, Germany)
onto standard aluminum stubs (Plano) (Fig. 3g). Specimens were
sputter coated with layers of a few nanometer (3-5nm) of platinum
(Balzers AG, Liechtenstein) for high-resolution SEM at low kV
(Fig. 3g). For immuno-SEM and energy dispersive X-ray (EDX)
analyses, specimens were carbon coated (3—5nm) by evaporation
(Cressington Scientific Instruments UK, Waterford, UK). If speci-
mens were prepared for FIB/SEM-tomography, a carbon coating of
10-20 nm was used for both conductivity and protection, forming
a glass-like, very stable conductive layer which is still transparent
for higher energetic BSEs. For high-resolution SEM at low kV
(0.8-1.8kV), slides were carbon coated before cells/tissues were
grown or immobilized, to enable conductivity without any coating
(Table 1). The thickness of the glass slides (approx. 1 mm) or cov-
erslips (precision coverslips: 0.17 mm) has no influence on SEM
imaging if well grounded with silver colloid.

High-Resolution SEM

Samples were imaged with a Zeiss Auriga 40 FIB/SEM work-
station operating under SmartSEM (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). For re-localization and a rough
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Table 1. Options for Coatings and Scanning Electron Microscopy (SEM) Operation.

Pt-sputter Coating Carbon Coating Carbon Coated Slide Pt-Deposition kv Detector

High-resolution SEM 3-5nm 0.8-1 SE/in-lens SE
High res. immuno-SEM 3-5nm (+) 1-2 EsB

(10 nm gold) 5-20 QBSD
High res. immuno-SEM + 1 EsB

(5nm gold) 5-20 QBSD
SEM for depth information 3-5nm 5-30 QBSD
SEM for element analysis 3-15nm 1-30 EDX
CPD +FIB/SEM 3-15nm (0.5-1 um) 15 EsB
Flat embedded + FIB/SEM 10-30nm (0.5-1 um) 1.5 EsB

SE, secondary electrons; EsB, energy selective backscattered electron; QBSD, quadrant backscatter electron detector; EDX, energy dispersive X-ray; CPD, critical point dried; FIB, focused

ion beam.

correlation of LM images with SEM micrographs, the WD has to
be large (10 mm) and the kV high (5kV) to ensure a sufficiently
low magnification with acceptable low geometrical distortion.
Although surface details are best monitored at 1kV with the
In-lens SE detector, correlation with LM micrographs sometimes
need as much depth information as possible, gathered by the EsB
detector (at 1-5kV) or with the 4-quadrant backscatter electron
detector (QBSD) at higher accelerating voltages (5-30kV). Thin
layers of resin then become transparent and laser marks are clearly
visible. Using BSE signals, a larger aperture (60 um) is necessary for
a sufficient signal to noise ratio, which does not influence resolu-
tion at low and moderate kV. The high current mode (a feature of
some Zeiss SEMs) is of benefit if the depth of focus is of impor-
tance: high current mode increases the active probe current by a
stronger activation of the condenser lens. The resulting smaller
angle of convergence increases the depth of field, which is
important when imaging entire cells (with a height of 10-20 um),
which is not common with SEM in standard configuration.

High-Resolution FIB/SEM

Cells and tissues were milled and imaged with an Auriga 40 FIB/SEM
workstation operating under SmartSEM or Atlas-3D (Fibics Incor-
porated, Ottawa, ON, Canada). Ion beam currents of 50 pA—10nA
(depending on the stability of the resin) were used. FIB/SEM milling
started right in front of the target structure. Depending on the desired
resolution image, voxel sizes between 2 nm and 10nm in x/y were
chosen. A milling rate that yield 2 nm slices allows the adjustment of
the z resolution in 2nm steps at any time during the FIB/SEM run.
Due to metallic rOTO impregnation of the tissue, conduction with
colloidal silver, carbon coating by evaporation, and an optional Pt-
deposition upon the ROI, charging was completely avoided. As
rOTO impregnation provides a strong material contrast, short
exposure times down to 17 sec/image (3072 x 2048 pixel) could be
achieved. The surface of the glass slide, as part of the image, serves as
a reference for the xz. plane. For additional alignment in yz, reference
lines were milled with a 50-pA beam next to the target region.

3D-Reconstruction

The resulting data sets were aligned using Amira™ (Thermo
Fisher Scientific, Waltham, MA, USA), first automatically with the
module “align slices” and corrected with the “shear” function.
The quality of the alignment has to be verified by the references,

the slide (xz) and the added reference lines (yz) and, if necessary,
corrected manual%y. Image stacks were segmented and recon-
structed in Amira™™ (Thermo Fisher Scientific) and/or processed
with a volume-rendering algorithm (volren) for direct visualization.
3D reconstructions/correlations were performed with Amira™.

Results
Linking Samples to Coordinates

We first tested several methods to label coordinates on glass slides
and coverslips. All these labels were clearly visible in LM optical
modes (bright field, DIC, phase contrast) as well as in SEM due to
their topographic contrast (Fig. 4). The labels of the classic point
finder (a sintered decalcomania with silk-screen printing), with a
height of ~10-15um, yielded the strongest BSE signal, due to the
lead content of the paint (Fig. 4a). Depending on the downstream
applications, the composition of this paint can be modified if
desired.

We found that laser engravings generated much finer lines.
Upon closer inspection of fractured slides, the label appeared as a
slight engraving outlined by an elevated border, deriving from either
sintered TiO,, a carbon compound, or both, which were used for
focusing the laser and for the energy transfer (Figs. 4b—e). In this
regard, the term engraving is a bit misleading. For CLEM and FIB/
SEM of a thin embedded specimen, elevated labels were required to
poke out of the thin layer of resin (Figs. 4a, 4e). In general, when an
inverted microscope was used for LSM, laser marked coverslips were
preferable (Figs. 4d, 4e).

Although the fabrication of fine coordinates is limited in terms of
line width and accuracy, the quality of the labeling is, in practice, of
secondary importance. In fact, the unique edges of imperfect
markings or engravings can be used to facilitate fast correlation. The
“mesh size” of the labeling can be adjusted depending on the size of
the samples, but in all cases, the coverage of the coordinates is below
15%. For samples already flat embedded on a slide or cover slip, or
in situations where the labels were no longer visible due to the
formation of a surface layer or hidden by epoxy resin, we used a
water-resistant stamp to print a customized coordinate system on top
of the specimen (Figs. 4 and 3f). After documentation and carbon
coating for conductivity, the coordinates of the stamp were still
visible in the SE-image by topographic and material contrast, which
enabled a re-localization of the previously selected ROIs (Fig. 4f).
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Figure 4. Properties of customized slides and cover slips. Macro images, light and scanning electron micrographs of slides and coverslips customized for correlative light
microscopy (LM), high-resolution scanning electron microscopy (SEM) and focused ion beam (FIB)/SEM. Coordinates for slides and coverslips are either elevated (a and e),
engraved (b) or a combination of both (c, d), suitable for different embedding properties (ultra-thin, medium-thin, thin). The coordinate system can be visualized with
topography contrast and material contrast due to the sintered material. X-ray analysis can be used for visualizing of labels if they are hidden in the thin resin layer and/or for
mapping of the elements characteristic for the labels (a). As titanium oxide mixed with organic carbon compounds is used to focus the laser (b-e), labels are visible based on
their specific X-ray energies, which is beneficial for analytics or correlative light and electron microscopy (CLEM). If coordinates are printed with a stamp, the carbon-based ink
is visible in black in LM, dark in SEM and gives a strong C signal with energy dispersive X-ray (EDX) (f).

Sample Immobilization

Proper immobilization is crucial to link the biological samples to
the coordinate system of the substrate. This connection has to be
rather strong to withstand the manipulations and buffers used
during processing for SEM and FIB/SEM microscopy. Depending
on the size, shape, and adhesive properties of the sample, a variety
of “glues” can be applied for immobilization. For example, laser
marked slides coated with poly-L-lysine, are routinely used for

drop-cryo fixations of prokaryotic and eukaryotic microorgan-
isms. Typically, these cells are abundant, so even the loss of a high
percentage of cells is mostly inconsequential.

As a general rule, the larger the cells, the lower the yield of
stably fixed cells remaining after sample preparation. As a result,
stronger glues are required for such larger samples. In this regard,
Biobond showed a rather strong adhesion to cells in addition to
being easy to handle and moderate in price. Biobond was
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successfully used to immobilize a wide range of mobile algae. In
contrast, filamentous cyanobacteria forming slime sheets were
initially improperly immobilized with Biobond. However, after
choosing strains which do not form sheets, these cells were
successfully immobilized.

Next, Cell-Tak™, derived from a mussel protein, is a very
strong adhesive. Cell-Tak'™ showed stronger adhesion properties
than Biobond, which were beneficial for fixing larger tissue sections
to slides. However, immobilizing thin or fragile tissue sections over
their entire surface, without any folds, can be difficult. As soon as
the tissue sections are in contact with the mussel protein, they will
immediately adhere. If any folds occur due unevenly laying the
tissue on the slide, the tissue cannot be flattened without disrup-
tion. As Cell-Tak"™ has to be applied for each specimen indivi-
dually, the adhesive layers vary in thickness and are not as thin and
uniform compared with Biobond coating. This may be a dis-
advantage when investigating samples such as cellular protrusions,
flagella, or cilia. These structures would be difficult to distinguish at
higher magnification due to the uneven topography of the glue.

Bondic®, developed as an adhesive, can be used to immobilize
samples in aqueous conditions. This adhesive is polymerized by
radiating the contact area for a few seconds with UV light from
the backside of the slide. It is an inexpensive and strong adhesive.
However, the layers are rather thick and therefore only suitable
for large and sturdy samples, such as those that can be handled
with forceps.

For flat embedding of delicate and fragile tissues sections, we
developed a customized filter system for tissue sections, which
mechanically stabilizes the sample. To this end, the tissue sections
are placed between two filter membranes and screwed in a filter
holder, thereby ensuring that no significant forces perturb the
geometry of the sections during the entire fixation and embedding
process (Fig. 3f). In addition, only small amounts of post-fixation
solutions are needed, due to the small volume of the holder.
Importantly, large vibratome sections remain flat, even during
dehydration, as they are mechanically stabilized, which is essential
for FIB/SEM. Finally, excess resin is then removed, and samples
are polymerized on laser marked slides (if coordinates are nee-
ded). A variety of samples are quite suitable for processing using
the customized filter system:

* large histological sections;

 samples, which cannot be immobilized by adhesives;

» samples, which are very fragile; and

* samples, which have to remain flat during preparation/
dehydration.

Choosing the Right Embedding

Depending on the scientific question, it is often desirable to control
the thickness of the resin layer for flat embedding. In this regard, we
demonstrate adjusting the embedding thickness with HeLa cells (Fig.
5). With the portfolio of procedures ranging from simply draining the
resin, to centrifugation and infiltration in an acetone-saturated
chamber, the thickness of the resin layer can be adapted from ultra-
thin to thin embedding. These procedures were suitable for a broad
spectrum of adherent or immobilized cells and tissues (Figs. 5b—5e).
In general, a thin resin layer was advantageous for the stability of the
FIB-SEM run (Fig. 5h). In contrast, ultra-thin embedding was pre-
ferable for CLEM of inner cellular features (e.g. centrosomes, kine-
tochore), which had to be re-localized with high precision in FIB/SEM
(Figs. 5¢, 5f). An efficient way of producing very thin layers of resin

Manja Luckner and Gerhard Wanner

consists of embedding the specimens in 75-100% (resin/acetone).
Since samples are infiltrated in a saturated acetone atmosphere
(Fig. 3¢), the resin concentration is not increased and maintains its
high fluidity. After an appropriate time of infiltration, the excess
resin/acetone mixture is drained either by gravity or centrifugation,
resulting in an extremely thin resin layer after polymerization (Figs.
3¢, 5a, 5¢, 5f, 51). Minor milling artifacts at the surface, which are
the result of an extensively textured cellular surface, can be ignored,
if the target area is located within the cell and if these artifacts do
not influence the ROI itself (Fig. 5f). For correlative LM and SEM
or FIB/SEM, ultra-thin to medium-thin embedding is beneficial,
since SEM and LM images (DIC, bright field) were almost identical
qualitatively and their correlation was very precise (Fig. 5a),
comparable with CPD cells (compare: Fig. 5b with 5c¢), but with a
substantial gain in resolution using the EsB signal, and visibly less
curtaining during milling (Figs. 5f, 5g). If thin embedding is
desired, the correlation is impeded because cells are partially hid-
den within resin droplets (Fig. 5h). Nevertheless, the identification
of selected cells was still carried out by superimposing LM and
SEM micrographs. For experiments relying on cellular surface
information or looking at externalized vesicles such as exosomes,
thin embedding is preferable (Fig. 5h). In all cases, regardless of the
resin thickness, references (glass slide and reference lines) were
clearly visible in each tomographic image (Fig. 5h).

X-ray analysis allows the estimation of resin thickness (before
FIB/SEM) by increasing the kV until the silicon signal, derived
from the glass slide becomes prominent (Figs. 5i, 5j). The X-ray
signals of carbon, nitrogen, phosphorus, osmium, and uranium of
ultra-thin and thin embedded HeLa cells at 25kV correlated with
the outlines of nearly all cells (SE image) present in the mapping
area. By passing through the covering resin layer of thin
embedded cells (in contrast to ultra-thin embedded cells), the
primary electron beam loses a lot of energy and spreads in dia-
meter, resulting in a blurry appearance of the cells (Fig. 5j).

Care must be taken during SEM and preparation for FIB-
milling: thin resin layers on glass slides are sometimes very sen-
sitive to the electron beam. Higher magnifications, used for
focusing and correction of astigmatism, rapidly lead to the for-
mation of “bubbles” in the resin, which look striking, but did not
influence further milling. Low magnifications and using an
appropriate kV are recommended for SEM and FIB adjustment.
Once the FIB/SEM milling process has started, the energy input is
concentrated onto the block face, and the risk of “bubbles” is
negligible. For thin specimens (1-5um) a very low ion beam
current (50 pA, as used for FIB imaging) is recommended.

Examples for Analytical SEM and FIB/SEM and Possibilities
for CLEM

Chromosomes: Immuno-Labeling—from LM to FIB/SEM

The topography of isolated cell organelles or single cells can be
investigated with high resolution, after application of a thin metal
coating (3—5 nm platinum), using a short WD (1-2 mm) and with
the in-lens SE detector at 0.8-1.2kV. However, the platinum
coating is incompatible with metal-based staining such as platinum
blue for DNA or immuno-labeling with small gold colloids (5 nm).
Even the thinnest platinum coating will prohibit detection of
metal-based staining or gold-labels with the EsB-detector
(Figs. 6a3, 6b4). Carbon coating can be used for conductive coat-
ing if higher currents are required, but with a dramatic loss of
high-resolution topographic information gathered at 1kV.
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Figure 5. Re-localization after flat embedding. Light micrographs of HeLa cells grown on a laser-marked slide to the left to the letter X (al). After 4’,6-Diamidin-2-phenylindol
(DAPI) staining, metaphase cells were selected (a2, a3) and re-localized in SEM, already visible in the overview (a4, a5). DAPI and secondary electron (SE) image were
superimposed to define a precise milling frame (a6). Scanning electron micrographs of critical point dried HelLa cells, compared with cells, embedded with different thick layers
of resin. The topographic details of critical point dried cells (c) were preserved after ultra-thin embedding (c). Structural details like filopodia were clearly visible, whereas, after
medium-thin embedding, they were obscured (d). Thin embedded cells, covered by a few microns of resin, could be still re-located and identified as small humps (e). Comparison
of cross sections of Hela cells embedded ultra-thin (f), medium-thin (g) and thin (h) in epoxy resin. The thicker the covering resin layer, the less topographic details of the cell
surface were visible, however, the risk of curtaining is reduced by the smooth surface (h). The glass slide served as an absolute reference plane (xz) for alignment (g; dashed line).
Lines, milled parallel to the regions of interest (ROI) into the slide in xz direction (h; arrow), served as a third reference plane for precise alignment of the image stack in three
dimension. The X-ray signals were used for verification of resin thickness. The carbon signal of ultra-thin embedded cells, clearly visible at 25kV (i), became blurred after thin
embedding, due to the carbon portion of the covering resin (j). P, U and Os mapping of thin embedded cells revealed only a section of the cells appearing “in focus” as the higher

energetic K-line of phosphorus, the M-line of uranium and the L-line of Os osmium were excited only from higher energetic electrons near the surface (Fig. 5j).

However, for a high-resolution analytical investigation of isolated
biological structures such as chromosomes, carbon coating of the
substrate (glass slides) before applying the sample is ideal since: (i)
the problem of charging can be minimized and even eliminated,
either at low kV or due to the conductive carbon layer; and (ii) the
rather dark background in the BSE image enables high-resolution
SE and high contrast BSE imaging at very low kV (0.8-1.5kV).
Carbon-coated slides remain translucent after coating, therefore
enabling LM to select ROIs beforehand. Since the re-localization of
small biological structures such as mitotic chromosomes is not
trivial, a linked reference coordinate system is critical. For example,
the mitotic index for spelt is very low (2-15%), and therefore a
previous selection in of ROIs in LM was essential (Fig. 6al).
FluoroNanogold"™-labeled antibodies against alpha-tubulin were
located at fibrillar bundles at the centromeric region of the mitotic
chromosomes (Figs. 6a2, 6a3). Analytical investigations of metal

impregnations at different depths of the sample were carried out by
varying the negative grid voltage of the in-lens energy selective BSE
detector for high resolution (Fig. 6).

To detect labeled structures located inside a biological struc-
ture, the kV must usually be increased. Typically, charging begins
e.g. at 2-3kV, but disappears at higher kV as the electrons
penetrate the specimen and reach the conductive carbon layer. In
this case, the system must be operated at two different accel-
erating voltages: 1kV to image the surface topography and
surface-located labels (in-lens SE detector, EsB detector) (Fig. 6a2,
6a3) and 10kV for high-resolution imaging of labels in the
interior of the sample (QBSD). Additionally, the low BSE-yield of
carbon prevents interfering BSE signals from the substrate. To
demonstrate this, holocentric chromosomes of Luzula elegans
were stained with DAPI (for DNA) and with gold-labeled
antibodies against a phosphorylated variant of Histone H2A
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Figure 6. Correlative light and electron microscopy of isolated chromosomes. High-resolution correlative light microscopy, scanning electron microscopy and focused ion
beam/SEM of specifically labeled spelt metaphase chromosomes, fixed onto carbon-coated slides. Chromosomes, immuno-labeled for a-tubulin, were selected with phase
contrast combined with fluorescence (al), re-located in SEM (a2) with secondary electrons (SE) and analyzed with both, SE- and backscattered electron (BSE)-signal for
detection of FluoroNanogold™ labels enhanced with silver (yellow) located at bundles of tubulin attached to the centromere (a3; merging of SE-image with the colored BSE
image). Holocentric chromosomes of Luzula elegans were visualized with phase contrast (b1), and fluorescence of DAPI (b2), re-located in SEM (b3). The gold-labeled
antibodies against a centromere-specific phosphorylated histone (anti-Histone-H2A) were localized within the centromeric groove (b4; merged SE-image and BSE image). For
verification of label distribution, the specimen was carbon coated before FIB/SEM milling. Gold-labeled antibodies were detected on both sides of the chromosomes,
predominantly located at the surface (b5; framed area). Barley metaphase chromosomes were fixed onto slides (c1; c2 =framed area of c1) stained for DNA distribution with
platinum blue and embedded in the water-soluble resin Moviol (c3; SE-image) to prevent shrinkage during dehydration in ethanol/acetone. FIB/SEM tomography (c4 = BSE)
shows the global Pt (DNA) distribution in three dimension (c5). C=centromere. A migrating human platelet collecting fibrin-trapped E. coli (d1) (orange =tdTomato;
green = fibrin-Alexa-488-10 nm-gold). SEM micrograph of the platelet of (d1) after thin embedding and platinum deposition (d2). FIB-SEM section shows E. coli accumulating at
the surface of the platelets (d3). A 3D-rendered FIB-SEM stack of the same platelet (d4) demonstrates the accumulation of the E. coli (orange) via fibrin (immuno-gold

labeled =yellow).

(for centromeres). These chromosomes were first visualized with
phase contrast (Fig. 6bl), and with fluorescence microscopy
(Fig. 6b2) and then re-located in SEM (Fig. 6b3). Gold-labeled
antibodies (anti-Histone-H2A) were then visibly localized within the
centromeric groove (Fig. 6b4). To verify the spatial distribution of
the gold labels, the specimen was carbon coated before FIB/SEM
milling, to avoid charging during milling. As a result, gold labels
were clearly visible on both sides of the chromosomes (Fig. 6b5).

CPD samples of chromosomes can also be used to study DNA
distribution with FIB/SEM. However, CPD may cause shrinkage
and formation of cavities. To avoid dehydration artifacts,
embedding in Moviol, a water-soluble resin, is beneficial, and
offers a smooth block face which yields the highest resolution
(Fig. 6¢). The BSE signal of the Pt-stained chromosomes showed
the global distribution of the DNA (Figs. 6¢4, 6¢5).

For correlative LM and FIB/SEM microscopy, samples are
commonly embedded in a resin block together with the substrate.
The substrate is then removed after polymerization by thermal
shock, thereby leaving the cells in the resin. However, if the
experiment involves examining how the cell contacts the sub-
strate, for example, to analyze attachment or migrating activity,

then the substrate cannot be removed. Therefore, in such cases,
ultra-thin or thin embedding directly on the slide is required.
With immuno-fluorescence microscopy, it was demonstrated that
human platelets migrate and pile up on the adhesive substrate
together with any bound particulate material. This occurs when
actomyosin-dependent traction forces overcome substrate resis-
tance (Gaertner et al., 2017) (Fig. 6d1). Once removed, fibrinogen
is transported toward the center (pseudonucleus) of migrating
platelets, remaining on the platelet surface, mainly within inva-
ginations of the open canalicular system. After LM (Fig. 6d1)
platelets were thin embedded, re-located in SEM and covered
with two platinum protection layers by ion beam deposition
(Fig. 6d2). Additionally, a carbon layer was implemented between
these two layers for milling high contrast tracking lines for FIB/
SEM microscopy using Atlas3D hard- and software. These tracking
lines enabled correction of astigmatism and focus (autostig and
autofocus) during the FIB/SEM run (Fig. 6d3). Escherichia coli cells
were collected and accumulated at the pseudonucleus together with
the fibrin(ogen)-forming bundles of several bacteria (Fig. 6d3). A
3D-rendered FIB-SEM stack of the platelets demonstrates the
accumulation of the E. coli via fibrin (Fig. 6d4).
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Figure 7. Correlative light and electron microscopy of immobilized and pelleted prokaryotic cells. Light and scanning electron micrographs of Magnetobacterium bavaricum
cells, within a mixed-culture prepared for correlative light microscopy and focused ion beam (FIB)/scanning electron microscopy (SEM). A slide with critical point dried bacteria
was labeled with a water-resistant stamp for reference coordinates (al). A target cell of was documented by phase contrast (a2; framed area) and re-localized in SEM with
secondary electrons (SE) at low kV (a3) and with backscattered electrons (BSE) at higher kV, for detection of the magnetosomes by material contrast (a4). Energy dispersive
X-ray analysis mapping of iron distribution (L-line of Fe at 3kV) was superimposed to the SE image, confirming the characteristic Fe component of magnetosomes (a5; red).
After coating the cells with platinum by ion beam deposition (b1) and FIB/SEM milling, in both SE (b2) and BSE images (b3) the magnetosome chains were clearly visible by
material contrast, longitudinally (b2; rectangle) or cross-sectioned (b3; circle). For better milling properties, critical point dried cells were flat embedded in epoxy resin (c1) and
milled again with significantly better image quality (c2). Besides the magnetosome chains, storage granules (poly-f-hydroxy butyrate (PHB) and sulfur) were slightly
distinguishable (c2). Embedded cells are still beam sensitive: little holes formed during milling, even at low ion-currents (c2; circle). A rough 3D visualization was achieved in a
short time using the threshold tool (c3). Best results were obtained if a pellet of high pressure frozen and freeze substituted magnetobateria is spread and embedded on slides
in small droplets of resin (d1) for FIB/SEM-tomography (d2). Several structural details were reconstructed with high resolution in 3D (d3; d4) such as the number and
arrangement of the magnetosomes and their chains, storage granules (sulfur=yellow; PHB=white), cellular envelope (blue) and flagella (brown). EsB, energy selective
backscattered electron.

We then obtained the three-dimensional distribution and
architecture of single magnetosomes with FIB/SEM (Fig. 7b).
CPD samples were post embedded with resin for higher resolu-
tion, compared with non-embedded samples (compare: Fig. 7b2
with 7¢2). The cellular matrix was filled with epoxy resin, with
resulted in a smoother block face. Since the topographic contrast
of BSE is reduced, the signal to noise ratio of BSE is significantly
improved (Fig. 7c2). We obtained the best ultra-structural pre-
servation and resolution of structural details when magneto-
bacteria were high pressure frozen and freeze-substituted (as
described by Jogler et al., 2011), then infiltrated in resin and
spread on glass slides before polymerization (Fig. 7d1). Single
cells, located in droplets of resin, still offer the possibility for post-
embedding correlation with LM to identify target cells and enable
directed (longitudinally or cross-sectioned) milling for efficient
FIB/SEM microscopy (Fig. 7d2). Finally, structural details were
reconstructed with high resolution in 3D, allowing for quantifi-
cation of number and distribution of multiple cellular structures:
single magnetosomes and chains, storage granules of sulfur and
poly-B-hydroxybutyrate, as well as the cellular envelope and the
bundle flagella (Figs. 7d3, 7d4).

Microorganisms: From fast Results To High Resolution

For non-adherent microorganisms, proper immobilization is a
critical requirement for cost-effective FIB/SEM high-resolution
experiments. In this regard, poly-L-lysine coated slides are widely
known to provide adequate adhesion of prokaryotic cells. In order
to demonstrate the potential and widespread applicability of fast,
analytical investigations with FIB/SEM, we examined a mixed
culture, containing magnetobacteria. While EDX in SEM is not
commonly used in biology, it remains a very effective way to
reveal for, example, metallic inclusions etc. Typically, only a
minor fraction of M. bavaricum is found within an enriched
mixed culture. Cells, immobilized by drop-cryo fixation, were
CPD. ROIs containing magnetobacteria were then selected in LM
by their characteristic size and shape (Figs. 7al, 7a2). In order to
retrieve the selected ROIs in SEM, we applied a stamp with a
reference coordinate system on top of the CPD sample (Fig. 7a3).
Chains of magnetosomes were then visualized by BSE at higher
voltages (Fig. 7a4) and EDX mapping clearly confirmed and
highlighted their iron content (Fig. 7a5). Together, these data
allow statistical quantification of the number of magnetosome
chains, their length, and their position.

There are, however, some limitations to using CPD specimens

immobilized onto glass slides for EDX analysis, due to the strong Multicellular organisms: Targeted FIB/SEM

signal from the glass (Si, O, and their numerous additional
components). However, if beam damage is not a severe problem
and if the elements have their energy lines in a suitable range,
element analysis can be performed at low kV (1-3kV) (Fig. 7a5).

As discussed earlier, the larger the sample, the more elaborate is
its immobilization, since different surface properties often require
specific adhesives. Many multicellular cyanobacteria, such as
Anabaena, produce specialized nitrogen-fixing heterocysts, which
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Figure 8. Comparison of critical point dried and embedded cells. Correlative light and electron microscopy (CLEM) of Anabaena catenula was facilitated by immobilization of
filaments with Biobond. DIC (a1, a2) and fluorescence microscopy were used to demonstrate viability (a3) and re-localization in SEM (a4). Fine topographic details of vegetative
cells and heterocysts were compared at low kV with high resolution (a4). Oriented focused ion beam(FIB)/scanning electron microscopy (SEM) milling of both cell types was
easily achieved, as the desired milling plane could be defined with high precision in FIB mode (a5; dashed line). Heterocysts were stable for milling (a6); their connecting
cytoplasmic strands to neighboring vegetative cells were clearly visible (a7; arrow), as well as a characteristic gap between the protoplast and the cell wall (a7; *) —possibly a
shrinking artifact from dehydration. The cytoplasm exhibits some small holes, likely milling artifacts, best seen in SE images (a8), compared with the material contrast of metal
impregnated cellular substructures, striking in the energy selective backscattered electron (EsB) image (a9). As high pressure frozen cells cannot be immobilized, they were
infiltrated in resin, spread and ultra-thin embedded on laser marked slides (b1). Surprisingly, the autofluorescence of the vegetative cells was preserved (b2), although to a
much weaker extent, and could be used for “post-embedding CLEM”, control of viability and classifying the developmental stage of heterocysts (b2). The resolution of cell
topography was only slightly reduced (b3). Hence, every filament and individual heterocyst was re-located immediately. The FIB/SEM images have excellent resolution of the
elaborate thylakoid membranes of both, the heterocysts (b4) and the vegetative cells (b5), strikingly different in their arrangement. Due to the short infiltration time and the
impeded diffusion by the protective cell wall, the gap between cytoplasm and cell wall was not filled with resin (b4;*). For optimal FIB/SEM tomography, high-pressure frozen
(HPF) filaments were embedded in thicker layers of resin. Light microscopy and SEM were used to localize the heterocysts (c1; circle), along with the preserved
autofluorescence of chlorophyll of vegetative cells (c1). After milling a short ramp, the heterocyst was reached (c2) and high-resolution FIB/SEM stacks were collected (c3 and
c4) and used for three-dimensional reconstruction (c5).

are organized in filaments. These filaments are characterized by a
regulated developmental pattern of single heterocysts, separated by
vegetative cells. We found that Biobond was sufficient for proper
adhesion of Anabaena filaments to slides. With LM (DIC, fluor-
escence), we selected and documented different stages of the
transition from vegetative cells to heterocysts, according to the
coordinates of the slides (Fig. 8al-8a3). ROIs were then easily

retrieved since the appearance of the filaments was essentially
identical in SEM when compared with LM micrographs (Fig. 8a4).

FIB/SEM acquisition of CPD processed samples started directly
in front of the selected heterocyst, which allowed setting a precise
milling direction (in this case, longitudinally) (Fig. 8a4). Since the
sample is not embedded within an epoxy resin, milling a ramp to
access the target region is unnecessary. Excavations between
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membranes gave a strong topographical contrast (Fig. 8a5) at the
expense of the BSE signal and consequentially resolution (Fig. 8a6).
Of note, the large gap between the cell wall and the membrane of
the heterocyst is at risk of charging. When comparing SE and BSE
signals of vegetative cells, the block-face was visibly much smoother
due to their dense, compact thylakoid system (Figs. 8a7, 8a8), even
though, small holes still disturbed the image quality (Fig. 8a8).
Conveniently, the auto-fluorescence of Anabaena filaments was
maintained after ultra-thin embedding and high-pressure freezing
(Figs. 8bl, 8b2). This allows easy verification of the developmental
status of heterocysts, and as a result, the quality of FIB/SEM was
significantly improved (Figs. 8b4, 8b5). This improvement takes place
even though the space between the cell wall and protoplast of the
heterocysts remained empty (Fig. 8b4). We obtained the best results
when thicker layers of resin were applied (Fig. 8¢c). A small ramp had
to be milled in front of the target, however, it is clearly smaller
compared with classic embedding protocols (Figs. 8c2, 8c3). As a
result, single thylakoid membranes were clearly resolvable (Fig. 8c4),
which then enabled striking 3D reconstructions, offering insights
into the complex architecture down to 2 nm voxel sizes (Fig. 8c5).

Tissues: From LM to FIB/SEM

Immobilizing tissue sections to a slide stabilizes the sample during
SEM preparation. This, in turn, keeps the sample flat and allows
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thin embedding directly on the substrate, without losing
orientation. In our hands, tissues were adequately immobilized
with Biobond or Cell-Tak™. To look further into this, we
imaged a piece of Tradescantia epidermis, which inherited
several stomata (Fig. 9al). To determine the position of orga-
nelles such as nuclei or chloroplasts, we imaged the sample at
higher magnification with different optical modes (DIC,
fluorescence, Figs. 9a3, 9a4). Removal of excess resin is of
primary importance. To this end, if tissues are tightly fixed (e.g.
Cell-Tak™), a moderate centrifugation (500 rpm for 5min)
will remove most or all of the resin obscuring the surface. After
polymerization, the SEM image was similar to the LM image
(Fig. 9a2), which enabled an easy and fast correlation of these
two images (Fig. 9a5). This demonstrates that the target area
had sufficient topographic contrast to recognize the stomata
over the entire epidermis (Fig. 9a2). This, in turn, allowed for
precise and directed milling (longitudinal or cross-sectioned)
with FIB (Figs. 9a6, 9a7) and subsequently 3D reconstruction
(Fig. 9a8).

In neuroscience, FIB/SEM became an important tool for
ultrastructural studies addressing connectomics of the entire
brain. For example, vibratome sections of brain tissues are
commonly used to study neuronal processes (Fig. 9b1). Slices
can be rather large (>1cm?) or very fragile, which makes
adequate immobilization onto slides particularly challenging.

b3 _ —fitef : SE
£t ‘
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~
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Figure 9. Correlative light and electron microscopy (CLEM) of thin embedded tissues. Light (LM) and scanning electron micrographs (SEM) of an isolated epidermis of
Tradescantia zebrina used for correlative LM and focused ion beam (FIB)/SEM of oriented sectioning of stomata. The vital epidermis was immobilized to a laser marked slide
with Bondic® (al), fixed and ultra-thin embedded in epoxy resin for SEM (a2). After fixation stomata were imaged with DIC (a3; stomata of al/a2) and fluorescence (a4). After
flat embedding, the stomata were easily re-localized in SEM (a2; framed are corresponds to stomata labeled in al). SEM and LM were superimposed to localize nuclei (a5). A
ramp was milled with a higher ion-beam-energy (a6) until the target region was reached. With a lower ion beam current, serial block face images of the nuclei were acquired
(a7) for tomographic 3D reconstruction (a8). Vibratome section of a mouse brain (b1) with GFP labeled dendrites (b2), processed with the filter system and flat embedded for
FIB/SEM (b3). The target region (b3; framed are) was imaged at higher kV with backscattered electrons (BSE), for visualizing resin filled vessels (b4; *), nuclei (b4; circles) and
axons (b4; rectangles), which was then correlated to LM of dendrites and nuclei (b5; merged images of DIC, GFP and DRAQ5). Nuclei and vessels visible in the key frames of FIB/
SEM image stacks (b6) served for precise triangulation of the target dendrite (b7) and its three-dimensional reconstruction among neighboring dendrites (b8 and b9).
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In this regard, the filter system described earlier facilitates a
gentle post-fixation, dehydration and infiltration of resin until
the sections are in a stable condition (Fig. 3f). Superimposition
of LM and SEM micrographs using the characteristic outline of
the brain section was generally sufficient for a rough correla-
tion (Figs. 9b2, 9b3). Natural markers like blood vessels and
nuclei, detectable in both LM and SEM images, served as
fiducial markers to re-locate ROIs within the SEM (Figs. 9b4,
9b5). The distinctive shapes and sizes of structures at the
surface, or sectioned natural landmarks (e.g. blood vessels
appear as channels or large holes, nuclei as dark dots), facili-
tated a subsequent superimposition of light and electron
micrographs and to define the target area in x/y direction. The
depth of the target dendrite within the tissue was determined
by aligning block face images with the corresponding micro-
graphs of the LSM stacks and triangulation of the respective
landmarks (Fig. 9b6). A rough 3D reconstruction of potential
target dendrites within the ROI (Fig. 9b8) revealed the selected
dendrite by its unique spine arrangement (Figs. 9b7, 9b9).

Manja Luckner and Gerhard Wanner

Epoxy Sections for economic FIB/SEM

Several aspects favor the use of thick epoxy sections for FIB/SEM:
(i) parts of biological specimens cannot be immobilized for var-
ious reasons and have to be embedded conventionally within
resin blocks; (ii) an archive of samples already exists, which may
be used for FIB/SEM vyears after initial preparation; (iii) samples
were investigated with TEM and corresponding 3D stacks are
desired of the same ROIL We found that resin sections mounted
on laser marked slides was an elegant way for FIB/SEM milling of
target structures embedded in resin blocks. The high potential
and efficiency of thick sections was demonstrated for the red algae
Porphyridium purpureum (Fig. 10a) and for SKBR3 breast cancer
cells (Fig. 10b). ROIs were selected with bright field, DIC or phase
contrast (Figs. 10bl, 10b3, 10b5). As sections are typically in the
millimeter scale (feed size), the correlation was easily carried out
by merging LM and SEM micrographs. At moderate kV (3—5kV)
Porphyridium purpureum were detected with the BSE signal
(Fig. 10a4). Cells that overlapped in LM and SEM were located at
the surface and already inter-sectioned. Cells visible in LM but

" FIB/SEM: EsB

Figure 10. Advantages of thick resin sections for correlative light and electron microscopy. A 10-um thick microtome section of a resin embedded culture of the red algae
Porphyridium purpureum was immobilized to onto a laser marked slide (al). The cells were visible in scanning electron microscopy (SEM) by topography (a2) and can be
compared with light microscopy (LM) (a3). Target cells were selected by comparing LM (a3) and backscattered electrons (BSE) images (a4). After milling a short ramp, image
stacks of cells were acquired (a5). High resolution confirmed the arrangement of phycobilisomes in side view (a6; rectangle) or front view (a6; circle). Light and scanning
electron micrographs of SKBR3 breast cancer cells fixed as a pellet and processed for conventional transmission electron microscopy. Thick sections (10 um) were mounted
onto laser-marked slides and stained with toluidine blue (b1). The selected section were rapidly re-located in SEM (b2). At higher voltage, the material contrast of the SEM
image (BSE signal) allowed precise localization of target cells in metaphase, imaged in LM (b3, b5) and SEM (b4, b6). After milling a short ramp, the target cell was milled (b7;
rectangle). The yellow line marks the focused ion beam block face image of b8. A three-dimensional reconstruction of chromosomes was quickly achieved with the threshold

tool (b9).
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not in SEM were intact within the section (compare Fig. 10a3
with 10a4). We then selected intact cells and directly targeted
them with FIB/SEM, omitting the need for a large trench to find
whole cells by chance (Figs. 10a5; 11h). Stages of mitosis, infected
cells, cells undergoing apoptosis etc. were found with different
optical modes (BF, Ph, DIC) (Figs. 10b1-10b5). We selected a
mitotic cancer cell, then milled and imaged it with FIB/SEM and
finally reconstructed it in 3D (Fig. 10b). Ten-micron sections
appeared a bit more sensitive to the ion beam. It is thus recom-
mended to reduce the ion beam energy, which is not a problem as
milling speed is generally much faster than imaging time.
In addition, the use of a harder mixture of epoxy resin (EMS
Hard-Plus Resin 812) is recommended.

Discussion
High-Resolution Analytical SEM for CLEM

Correlative LM combined with SEM and FIB-SEM is of funda-
mental importance to biomedical research. However, in order for
this technique to evolve to a routinely used method, reproducible,
efficient and cost-effective procedures need to be further devel-
oped. In this regard, compared with TEM, SEM has not reached
the widespread use in bio-sciences that one might expect given its
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high resolution and potential. The potential of analytical high-
resolution SEM techniques remains largely unexplored for many
scientists starting out with FIB/SEM tomography. Published
protocols may suggest that FIB/SEM milling is a stand-alone
technique for correlative microscopy. However, we would argue
that FIB/SEM milling is only one of the many facets of
high-resolution SEM. Fully exhausting the benefits of all SEM
capabilities is a prerequisite for efficient routine correlative
microscopy. The right handling of WD, high voltage, the use and
variation of different parameters (chamber SE, in-lens SE, in-lens
EsB, QBSD, apertures, high-current mode) mean that SEM can be
a versatile and powerful tool for a wide range of applications
(Scala et al., 1985; Bozzola & Russell, 1991).

Correlation of light and EM as a method became substantially
more elaborate with the introduction of serial block-face sec-
tioning. Now, a 3D-LM data set with precise reference coordi-
nates serves a basis (Lucas et al., 2012; Karreman et al., 2016;
Cheng et al., 2017; Lees et al., 2017; Russell et al., 2017). For
standard EM preparations, specimens have to be cut into small
pieces, which is accompanied by a significant loss of the 3D-
context. Even after oriented embedding, correlation can still be
exquisitely difficult. The basic problem is that, in contrast to 2D,
we are typically unable to correlate volumes without computing.
Even our eyes do not see in 3D but rather interpret spaces by 2D
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Figure 11. Choice of label type for correlative light and electron microscopy (CLEM). Fine customized labels can be produced with a laser (a). If TiO, is used for focusing the
laser, a sintered relief outlines the labels. Elevated labels can be produced by silk-screen printing or sintering of transfer pictures (decalcomania). Depending on the desired
thickness of the resin layer, the adequate labels are used for ultra-thin embedding (b), thin embedding (c), or thicker resin layers (d). Thick microtome sections (5-10 um) can
be mounted onto laser marked slides (e) or on standard slides and labeled with a stamp (f). Coordinates are always visible in light microscopy (red arrowheads) and in part in
scanning electron microscopy (SEM) (green arrowheads) and can be used re-location directly or by triangulation. Advantage of flat samples for focused ion beam (FIB)/SEM If a
single cell within a pellet (g) has to be reconstructed with FIB/SEM, a ramp must be milled (g; red arrow) to reach the desired depth (green arrow). As cells are randomly
oriented, a large volume has to be sectioned (blue arrow) for an image stack to including a complete cell in the desired orientation (cross section, longitudinal section). The
milling area (boxed area) has to be broader than the ROI due to re-deposition. Moderate magnifications have to be chosen to enhance the chance of catching a cell in the right
orientation, thereby limiting resolution. When 10 um resin sections are used for CLEM, the volume of the ramp is significantly reduced, and the surface of the slide can be used
as a reference plane (xy) for alignment (h). If cells are embedded ultra-thin (i), the ramp is needless and only the actual size of the regions of interest (ROI) is milled (i; blue
arrow, boxed area). The milling area can be precisely adjusted for each cell both in size and orientation. The magnification can be adapted, from the start of milling to the size
of the target cell. If an ultra-thin embedded cell is used for FIB/SEM (j), the block face defines the first plane for the cubic volume of the image stack. The glass slide gives a
second absolute reference plane (xz) for alignment. Lines, milled parallel to the ROl into the slide, serve as a third reference plane for precise alignment of the image stack in
three dimension.
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images on the retina. The simple postulate is: correlate in 2D and
make the specimen suitable for it.

Which geometry of biological samples is desirable or restric-
tive for CLEM? The main limitation is in the FIB/SEM operation.
The maximum milling depth is about 100 um, but due to cur-
taining in at these depths, a more practical depth is around 50—
60 um. Specimens within that range are suitable for LM. Thus, if
cells or tissues are naturally within this range (bacteria: few ym;
HelLa cells: 20 um; diatoms/algal cells 5-100 ym), then they simply
have to be immobilized onto a slide. Depending on the sample,
however, this can be quite challenging. If larger tissues are used
(e.g. mouse brain with a volume of approx. 1 cm?), the classic way
of cutting small cubes with a feed size of 1 mm may result in an
astronomic number of pieces (e.g. ~1000, each with the risk of
severe damage), which should be fixed and embedded numeri-
cally. Cutting the same volume with a vibratome into 5070 um
sections reduces the number of individual slices to 150-200.
Compared with 1 mm?® cubes, these slices have, due to their minor
thickness, several advantages: (i) they are suitable for all LM
modes (bright field, DIC, fluorescence, CLSM); (ii) fixation and
contrast enhancement is faster and more consistent due to more
permissive diffusion conditions; (iii) the entire slice can be
investigated with SEM at high resolution; (iv) each ROI defined in
LM can be re-localized by simple triangulation, as LM and SEM
images match perfectly (Fig. 9b).

The Right Coordinate System

It is undisputed that a robust coordinate system is a solution for
any correlative microscopy technique. This implies that instead of
the structural details, the images of the coordinates in LM and
SEM are initially correlated. This correlation is trivial, but only if
the labels are clearly visible in both microscopy modalities (Fig. 5a).
Today, complete solutions are commercially available and gen-
erally based on the same idea: selecting an ROI in LM, storing the
coordinates, switching to SEM and recalling the coordinates (Liv
et al., 2013; Brama et al., 2016; Schorb & Sieckmann, 2017). This
is a valuable improvement if a set of instruments from the same
manufacturer is used and trimming, mounting etc. does not alter
the specimen. In practice, however, LM and SEM systems from
different manufacturers, which do not intrinsically share a coor-
dinate system, are often used for CLEM. To this end, inherent
labels on the specimen are most beneficial for investigating the
same specimen on different systems, for example when changing
from LM instruments (LSM for fluorescence and DIC) to SEM or
using micro-CT or X-ray microscopy. With different labeling
methods covering a broad range of requirements for different
applications, correlation with any microscope should be possible.
Since the coordinate system is a 2D pattern, superimposition and
only linear scaling or rotation is required—if at all. Finally, any
image distortion is instantly recognized.

Immobilization and Flat Embedding

A prerequisite for any flat embedding of cells, cell aggregates, and
tissues is their immobilization in a fixed position relative to the
coordinate system. Immobilization of different biological objects,
capable of withstanding the entire EM procedure, including
exchanging fixatives, solutions, washing steps, and dehydration in
ethanol or acetone, will always be challenging. From a variety of
available adhesives, we found two that particularly stand out.
First, Biobond had very good adhesive properties for prokaryotic
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cells, larger eukaryotic cells and cell aggregates (Fig. 8). Since the
adhesive coating is in the nm range, the evenness of the slide is
maintained, which is important for high-resolution SEM, e.g. of
cells with flagella or filopodia. Second, Cell-Tak™ is the strongest
adhesive and therefore the best choice for larger tissue sections.
As Cell-Tak™ is preferentially spread with a coverslip, the
thickness cannot be precisely controlled, which limits its appli-
cation in SEM for high-resolution topography of cell adherent
structures (Fig. 9a). Although the chance for successful immobi-
lization of any objects is on 50%, flat embedding is still possible by
alternative strategies. If live-cell imaging is dispensable or is not
possible (e.g. high-pressure freezing of non-adherent cells),
samples can be processed until infiltration with resin, spread
onto slides with coordinates and embedded ultra-thin or thin
(Figs. 3d, 7d, 8b, 8c). CLEM is still possible as fluorescence can
surprisingly still be detected for a variety of objects, although
much weaker, after HPF, FS, and embedding (Fig. 8b). This
signal provides practical information e.g. about vitality (vege-
tative cells of Anabaena catenula) or stages of cell differentiation
(heterocysts of A. catenula) for a directed and efficient milling
(Fig. 8). It is generally attractive to embed samples into resins
which maintain fluorescence such as Lowicryl (Kukulski et al.,
2012). However, it must be determined experimentally whether
this rather soft resin is stable enough for high-resolution FIB/
SEM. If samples are (i) available only in few individuals;
(ii) fragile; (iii) or have to be kept flat during fixation and
dehydration (histological sections), the presented filter system is
of great benefit (Fig. 3f).

CLEM is limited, but still possible for histological sections, as
their characteristic shape and surface features are retained and
can be examined after thin/ultra-thin embedding with LM and
SEM (Fig. 9). The necessity and advantage of thin embedded
samples became a topic of discussion within the last years, with
the increasing demand of FIB/SEM in biosciences. A few proto-
cols are published for flat embedding in resin by draining, blot-
ting, centrifugation with the primary aim to reduce the resin layer
to a minimum (Kizilyaprak et al, 2014; Lucas et al., 2017;
Schieber et al., 2017). In practice, however, the aim is not an
ultimately thin epoxy resin layer, but rather to control the
thickness, depending on the samples and the scientific question.
The main obstacle to this control is that the viscosity of resin
rises significantly on the seconds to minutes timescale during
spreading into thin layers, resulting in non-reproducible thick-
ness. The removal of excessive resin by ethanol (Belu et al,
2016) is a good attempt but bears the risk of uncontrolled
reduction, which is critical, when prokaryotic cells should be
embedded in a resin layer of only a few microns thick. By
keeping the slides in an acetone-saturated chamber (Fig. 3¢), the
fluidity of the resin is retained, until an even spreading is
achieved. By changing the parameters (surface properties of
slides or cover slips, resin concentration, draining by gravity,
centrifugation, exposure time), a suitable thickness of resin can
be achieved for individual samples after a few test runs. We
illustrate the multiple possibilities for immobilization, fixation
and thin embedding of various specimens for CLEM in a flow
chart (Fig. 12).

Thick Sections for Bridging TEM-Tomography with FIB/SEM

When comparing TEM- and FIB/SEM tomography, the excellent
TEM resolution in xy cannot be reached with SEM due to phy-
sical and geometrical considerations (Giannuzzi, 2004). Section
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Figure 12. Preparation for correlative light and electron microscopy (CLEM). The flow chart illustrates the general schemes for the preparation of various specimens for flat
embedding. The diagram includes all common specimen types from single cells to tissue sections, adherent cells, several immobilization procedures, and preparation of
specimens which cannot be immobilized in principle (e.g. HPF frozen living cells), conservative fixation and embedding of fragile objects with a filter system and pre- and post-
embedding CLEM. The possibilities of analytical investigations with the corresponding preparation or instrumental conditions are indicated.

thickness for TEM-tomography, however, is limited to ~200-
1000 nm, ideal for prokaryotic cells and cellular structures as the
endoplasmic reticulum, but not for the complex 3D architecture
of entire eukaryotic cells (Ercius et al., 2015). TEM-tomography
followed by FIB/SEM tomography is an attractive solution to
combine the highest resolution with very large volume informa-
tion. This works reliable if a 200400 nm section from a resin
block is used for TEM-tomography and the following 10um
section is used for FIB/SEM of the same ROI, which can be repeated
several times in cycles. Within a very large 3D volume (e.g. an entire
cell), high-resolution 3D details can be implemented. The potential

of thick serial sections for FIB/SEM is impressively demonstrated by
Hayworth et al. (2015).

Defining Space

Three orthogonal planes define a cube, typically achieved by FIB/
SEM milling, resulting in an image stack. After milling, the
defined planes are not maintained due to specimen drift, image
distortions etc. (Schaffer et al,, 2007; Boergens & Denk, 2013;
Sedivy & Jager, 2017; Storm et al., 2017). Therefore, an alignment
of each image stack is necessary, which requires absolute fiducial
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markers for reference. The block face image represents the xy
plane. If image stacks of resin blocks are automatically aligned
(without references), the alignment is optimistically assumed to
be correct, as it cannot be verified easily, except if substructures of
known geometry (e.g. spheres) are present in abundance. The
generation of references is not trivial for resin blocks. However,
thin embedded samples provide the second reference plane in xz
automatically, given by the surface of the slide/coverslip (Figs. 5~
5h; 11). The mandatory third reference plane can be easily pro-
duced, by milling parallel “lines”, which represent de facto vertical
planes through the resin, ending orthogonally in the glass slide
(Figs. 5h; 11j). In fact, most FIB/SEM image stacks require drift
correction, and thus reliable references are necessary.

Independent of the method used for alignment of a FIB/SEM
stack (Kreshuk et al., 2011; Cardona et al., 2012; Saalfeld et al,,
2012; Schindelin et al., 2012), the accuracy can be validated by the
reference coordinates and adjusted manually, which is likely
necessary for long series (Han et al., 2018). Without references,
any changes in volume geometry cannot be recognized or cor-
rected (Storm et al, 2017). There are promising examples of
intelligent software which aim to learn each step of alignment by
mimicking the human approach (Sommer & Gerlich, 2013; Kraus
& Frey, 2016; Kan, 2017). These programs, however, require
substantial computing power and are still far away from being
routinely applicable to large data sets.

Cost-Effectiveness Considerations

If state of the art techniques is established as routine methods, cost-
effectiveness becomes an important consideration. FIB/SEM will be
always time-consuming, due to the enormous number of images
for high-resolution tomography. Numerous scientific questions
lead to results to some extent by chance, for instance when pellets
of microorganisms are milled (Fig. 11g). In this regard, obtaining a
longitudinal section through a heterocyst of cyanobacteria between
vegetative cells, at the right stage and in the right orientation, is like
winning the lottery. With flat embedded cyanobacteria filaments
this can be achieved routinely with all controls, using different
strains and culturing conditions (Fig. 8).

For questions involving eukaryotic cells or tissues, several
efficiency aspects have to be considered. For example, for a HeLa
cell in metaphase (spherical, with a diameter of 20 um), a cube
with a 20um feed size has to be milled. Then, by setting the
section thicknesses to 10 nm, 2000 sections are needed. Under
best conditions, with rOTO contrast enhancement (Seligman
et al,, 1966; Willingham & Rutherford, 1984) and using the in-
lens SE-detector, the exposure time for an acceptable block face
image can be around 15s. This results in roughly an 8 h exposure
time for the whole cell, thereby possible within a day. Classical
glutaraldehyde/osmiumtetroxide (Palade, 1952) fixation, how-
ever, gives a much weaker contrast. If using the EsB detector, an
exposure time of one minute or more is expected. Thus, the FIB/
SEM experiment becomes a 2-day venture with at least one
overnight session, bearing risks of the instability of the system,
heating of the Ga-emitter and loss of information during the
restart of the milling procedure. For a HeLa cell, milling time is
much less than the exposure time. However, for cross sections of
C. elegans, the milling time increases dramatically, especially
when low ion currents (100-200 pA) have to be used. FIB/SEM
investigations increase to several days or even weeks with costs of
several thousand dollars per run.

Manja Luckner and Gerhard Wanner

The costs for FIB consumables (Ga-emitter, apertures, service
costs) can be reduced to 50% simply by flat embedding due to
omitting a ramp and reducing the volume to be milled exclusively
to the ROI (compare: Fig. 11g with 11i). Beside economic aspects,
an important benefit of flat embedded samples, compared with
established procedures, is (i) saving time; (ii) the possibility of
setting the milling frame as precisely as desired for cross or
longitudinal section; and (iii) starting close to structural details
documented before in LM, e.g. cellular inclusion, centrosomes etc.

Summary

We developed an easy and broadly applicable procedure, consisting
of several technical improvements of relevant scientific investiga-
tions, including the whole range of simple correlative, high-
resolution LM/SEM microscopy, with immuno-labeling, flat
embedding for FIB/SEM and post-embedding investigations of
specimens (Fig. 12). Since every sample has its own handling
requirements and limitations, several adjustments based on sample
properties and scientific question are offered (Fig. 12). Defining
and maintaining coordinates of a target structure is the most
important aspect for re-localization in SEM. With sample pre-
paration, coordinate labeling, and with the right conductive coat-
ing, the analytical potential of the SEM with all detectable signals
(SE, BSE, EDX) is of great advantage for correlative investigations.
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Summary

Stress-induced physiological deficiencies in cells are reflected in structural, morphological and
functional reactions of organelles. Although numerous investigations have focused on
chloroplasts and mitochondria as main targets of different stressors in plant cells, there is
insufficient information on the plant Golgi apparatus as stress sensor. By using the advantages
of field emission scanning electron microscopy tomography in combination with classical
ultrathin sectioning and transmission electron microscopic analyses, we provide structural
evidence for common stress responses of the large and highly stable dictyosomes in the algal
model system Micrasterias. Stress was induced by different metals such as manganese and
lead, by starvation in 9 weeks of darkness or by inhibiting photosynthesis or glycolysis and by
disturbing ionic homeostasis via KCI. For the first time a stress-induced degradation pathway
of dictyosomes is described that does not follow “classical” autophagy but occurs by
disintegration of cisternae into single membrane balls that seem to be finally absorbed by the
endoplasmic reticulum (ER). Comparison of the morphological features that accompany
dictyosomal degradation in Micrasterias to similar reactions observed during the same stress
application in Nitella indicates an ubiquitous degradation process at least in algae. As the algae
investigated belong to the closest relatives of higher land plants these results may also be
relevant for understanding dictyosomal stress and degradation responses in the latter
phylogenetic group. In addition, this study shows that two-dimensional transmission electron
microscopy is insufficient for elucidating complex processes such as organelle degradation,
and that information from three-dimensional reconstructions as provided by field emission
scanning electron microscopy tomography is absolutely required for a comprehensive
understanding of the phenomenon.

Copyright
This article Litz-Meindl et al., (2016) is licensed under the CC BY 4.0.

83



Journal of

Microscopy

Journal of Microscopy, Vol. 263, Issue 2 2016, pp. 129-141
Received 14 August 201 5; accepted 25 November 2015

doi: 10.1111/jmi.12369

Structural stress responses and degradation of dictyosomes in algae
analysed by TEM and FIB-SEM tomography

U. LUTZ-MEINDL*, M. LUCKNER{, A. ANDOSCH* & G. WANNER
*Plant Physiology Division, Cell Biology Department, University of Salzburg, Salzburg, Austria

tUltrastructural Research, Faculty of Biology, Ludwig-Maximilians-University, Munich, Germany

Key words. Cadmium, dictyosomes, electron tomography, KCl, Micrasterias,

Nitella.

Summary

Stress-induced physiological deficiencies in cells are reflected
in structural, morphological and functional reactions of or-
ganelles. Although numerous investigations have focused on
chloroplasts and mitochondria as main targets of different
stressors in plant cells, there is insufficient information on the
plant Golgi apparatus as stress sensor. By using the advan-
tages of field emission scanning electron microscopy tomog-
raphy in combination with classical ultrathin sectioning and
transmission electron microscopic analyses, we provide struc-
tural evidence for common stress responses of the large and
highly stable dictyosomes in the algal model system Micraste-
rias. Stress is induced by different metals such as manganese
and lead, by starvation in 9 weeks of darkness or by inhibiting
photosynthesis or glycolysis and by disturbing ionic home-
ostasis via KCL. For the first time a stress-induced degradation
pathway of dictyosomes is described that does not follow “clas-
sical” autophagy but occurs by disintegration of cisternae into
single membrane balls that seem to be finally absorbed by
the endoplasmic reticulum (ER). Comparison of the morpho-
logical features that accompany dictyosomal degradation in
Micrasterias to similar reactions observed during the same
stress application in Nitella indicates an ubiquitous degrada-
tion process at least in algae. As the algae investigated be-
long to the closest relatives of higher land plants these results
may also be relevant for understanding dictyosomal stress and
degradation responses in the latter phylogenetic group. In ad-
dition, this study shows that two-dimensional transmission
electron microscopy is insufficient for elucidating complex
processes such as organelle degradation, and that informa-
tion from three-dimensional reconstructions as provided by
field emission scanning electron microscopy tomography is
absolutely required for a comprehensive understanding of the
phenomenon.
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Introduction

Cellular stress reactions have been investigated intensively
both in plant and animal cells. Among plant cell organelles,
chloroplasts and mitochondria are regarded as main stress tar-
gets and their physiological reactions to stress are well known
(Santos et al., 2001; Lin et al., 2006; Logan, 2006; Demetriou
etal., 2007; Reape & McCabe, 2008; Affenzeller et al., 2009b;
Darehshouri & Liitz-Meindl, 2010). Stress-induced physio-
logical deficiencies of these organelles are reflected in struc-
tural alterations mostly determined by two-dimensional (2-D)
transmission electron microscopic (TEM) analyses. Dilations
of thylakoid membranes, decrease of grana stacks, increase or
decrease of starch accumulation and formation of vacuolar
structures are the most frequently reported structural stress
reactions in the chloroplast (Hollosy, 2002; Holzinger & Liitz,
2006; Andosch et al., 2012; Liitz et al., 2015). Bloating of
mitochondria and coinciding reduction of the number of ab-
normally elongated cristae is a typical structural hallmark of
stress and/or programmed cell death (PCD) that can be found
commonly both in plant (Gunawardena et al., 2001; Kolb
et al., 2004; Scott & Logan, 2008) and animal cells (Muriel
etal., 2000; Klein et al., 2011).

Among the endomembrane system organelles, the ER has
been regarded as the main stress target and the term “ER
stress” is well defined in the literature as a consequence of
defective protein folding that may induce the expression of
ER-located chaperones (Ron & Walter, 2007; Howell, 2013).
Although changes in irregularly shaped ER cisternae are hard
to determine by electron microscopy, there is increasing ev-
idence from molecular studies that loss of proper shape and
architectural integrity affects the stress response ability of the
ER and thus survivability of cells (Chen & Brandizzi, 201 3; Lai
et al., 2014; Stefano & Brandizzi, 2014).

Although dictyosomes are highly dynamic (Hawes, 2005)
their steady-state structure reflects a balance between antero-
grade and retrograde transport from the ER through the dic-
tyosomes (Staehelin & Moore, 1995; Faso et al., 2009; Hwang
& Robinson, 2009; Viotti et al., 2010; Day et al., 2013). This
can be easily misdirected or blocked during any kind of stress
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or experimental manipulation as shown in earlier studies by
the fungal metabolite brefeldin A leading to dissociation of
COPI proteins from dictyosomal membranes and to the for-
mation of large dictyosome-ER hybrid stacks resulting from
altered Golgi transport (Nebenfiihr et al., 2002; Ritzenthaler
etal., 2002;Itoetal., 2012) and/or to areversible reduction in
number of dictyosomes in favour of the ER (Salomon & Meindl,
1996; Satiat-Jeunemaitre etal., 199 6). More recently, molecu-
lar and structural aspects of dictyosomal deconstruction were
elegantly demonstrated upon inhibition of ER-Golgi transport
in a Sarl GTPase mutant of Nicotiana tabacum (Hummel et al.,
2010; Osterrieder et al., 2010) and have shown a tight func-
tional interaction between the ER and Golgi apparatus (Chen
etal.,, 2011; Brandizzi & Barlowe, 2013; Stefano et al., 2014).
Besides this, numerous investigations analysing subcellular
stress responses in plant cells have mentioned detrimental ef-
fects of dictyosomal morphology and structure as side effects
(McManus et al., 1998; Gunawardena et al., 2001; Jiang et al.,
2009; Selga, 2013), however there is still no comprehensive
view on the dictyosomes as stress-response system. Also, it is
so far not known how dictyosomes are degraded under stress
conditions. Recent studies on degradation of organelles by
selective autophagy in plant cells (for review, see Michaeli
& Galili, 2014) include results on ER, mitochondria, plastids
and peroxisomes but not on dictyosomes. This lack of infor-
mation on Golgi stress responses is at least in part due to a lack
of appropriate model systems in which dictyosomal integrity,
morphology and product formation in relation to the stage of
the cell cycle is well known and any environmental induced
stress reaction is easily detectable.

The alga Micrasterias, which belongs to the closest relatives
of land plants (Wodniok et al., 2011; Leliaert et al., 2012) and
has common ancestors with embryophytes, is an ideal model
system for such investigations. The extraordinary cell shape of
Micrasterias is highly sensitive to any environmental impact
during its formation, which allows easy recognition when the
cell is affected (Kiermayer, 1981; Meindl, 1993). The natural
habitats of Micrasterias are small acid peat bog ponds that may
be exposed to rapidly changing environmental conditions and
entry of pollutants such as heavy metals via aerosols or water
inflow. Both may cause stress to the algae and their organelles.

Corresponding to the considerable cell size of Micrasterias, its
dictyosomes are large (2—3 um) and have a constant number
of 11 cisternae throughout the entire cell cycle. The different
vesicle populations they produce have been well defined by
immuno TEM investigations using antibodies against differ-
ent cell wall matrix polysaccharides (Liitz-Meindl & Brosch-
Salomon, 2000; Eder & Liitz-Meindl, 2008; Eder et al., 2008).
In contrast to most other nongrowing plant cells, intensive
vesicle production is maintained throughout the entire life cy-
cle of Micrasterias, as mucilage vesicles are pinched off contin-
ually (Oertel et al., 2004). This facilitates identification of the
impact of any environmental stress not only on dictyosomal
structure but also on their function.

A recent study using focused ion beam milling and block
face imaging by field emission scanning electron microscopy
(FIB-SEM) provided the first information on dictyosomal
morphology in high pressure frozen Micrasterias cells in
three-dimensional (3-D) and showed that dictyosomes of
Micrasterias are entirely enveloped by an ER sheath that is in
close spatial contact to the dictyosomal cisternae, both at the
cis- and the trans- side (Wanner et al., 2013).

Numerous physiological investigations using inhibitors
that targeted different steps of Golgi product processing
as well as studies with different abiotic environmental stressors
have given insight into structural and functional reactions of
dictyosomes in Micrasterias. Disturbance of N-glycosylation
by tunicamycin (Hoftberger et al., 1995) as well as inhibition
of Ca?t-ATPases by thapsigargin (Andosch et al., 2012) or
cyclopiazonic acid had drastic negative consequences on mor-
phology of dictyosomes and secretion. Experimental release
of nitric oxide by donors such as SNAP or SNP impaired dic-
tyosomal structure and function in Micrasterias probably via
inhibition of enzymes such as GAPDH (Lehner et al., 2009).
Oxidative stress by H,0; resulted in a swelling of the cister-
nal rims accompanied by distinct dilatations of the first two
or three cis-cisternae, combined with an overall reduction in
dictyosomal cisternae (Darehshouri et al., 2008). Salt stress
evoked a complete inactivation of dictyosomes, structurally
indicated by a loss of cis-trans-polarity and by collapsed cister-
nae (Affenzeller et al., 2009a, b). Metals such as aluminium
and copper reduced secretory activity and led to a complete
decomposition of dictyosomes in the case of cadmium (Volland
etal, 2011, 2012, 2014; Andosch et al., 2012).

The different interventions into dictyosomal integrity and
function in Micrasterias resulted in a variety of drastic struc-
tural alterations that were difficult to interpret due to the lim-
itations of 2-D TEM. In order to obtain a more comprehensive
and more reliable insight into possible structural Golgi stress
responses, we use FIB-SEM tomography and 3-D reconstruc-
tion of dictyosomes in this study in addition to TEM. Stress is
induced by metals such as lead (Pb) and manganese (Mn), by
energy deprivation (= “starvation”) and by disturbance of the
ionic balance via Cd and KCI. In this way and by comparison
of our results to dictyosomal stress reactions in the charo-
phycean alga Nitella sp. we intend to acquire an overview on
the Golgi apparatus as stress sensor in algae and to show how
dictyosomal degradation occurs under adverse conditions.

Material and methods

All chemicals were purchased from Roth (Karlsruhe, Ger-
many) or Sigma-Aldrich (Vienna, Austria) unless stated dif-
ferently.

Cultivation of Micrasterias and Nitella
Micrasterias denticulata (Streptophyta) was cultivated in a lig-

uid Desmidiacean medium (Schlésser, 1982) in Erlenmeyer
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flaks at constant temperature of 20°C and a light/dark regime
of 14/10 h. Cells were subcultured every 4—5 weeks. To ob-
tain defined interphase stages for untreated controls and for
treatment with different stressors, developmental stages were
collected and were allowed to grow in nutrient solution for
48 h prior to stress exposure.

Cultures of Nitella sp. (Charophyta) were purchased from
Seerosen Wachter (Reichenbach, Germany) and were culti-
vated in rainwater in an open stone basin under natural envi-
ronmental conditions.

Stress induction

Defined interphase cells of M. denticulata 48 h after mitosis
were exposed to 3 mmMnSO4 for 7 days, to 150 um CdSO4 for 4
h, orto 180, 200 or 300 mMm KCl for 3 and 24 h, respectively, by
replacing the nutrient solution by the chemicalsin glassdishes.
For lead incubation of Micrasterias, 5 M Pb(NO3 ), was added
to the culture medium for 21 days. In order to induce stress by
energy deprivation (= ‘starvation’), cells were either exposed
to complete darkness for 9 weeks, or treated with the photo-
synthesis inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(0.5 um, 14 days) or exposed to the glycolysis inhibitor
2-deoxy-D-glucose (50 um, 21 days), respectively. Corre-
sponding to recent publications (Andosch et al., 2012), drug
concentrations and time periods were chosen that evoke
effects visible by light microscopy in Micrasterias cells without
leading to necrosis. All electron microscopic investigations
were accompanied by cell vitality assays of stressed cells
(data not shown). All treated Micrasterias cells were kept
under standard culture conditions during the experiments. As
controls, interphase stages of the same age (48 h after mitosis)
were kept in nutrient solution under the same conditions. For
all experiments and concentrations a representative number
of cells were taken.

Correspondingly, Nitella sp. was treated with 180 mm KCl
for 3 h and vegetation points were carefully dissected and
immediately transferred into 20% albumin in water and high-
pressure frozen.

High-pressure freeze fixation for TEM and FIB-FESEM

Defined interphase cells of M. denticulata were high-pressure
frozen and cryo-substituted according to standard methods
adapted for Micrasterias (Meindl et al., 1992; Aichinger &
Liitz-Meindl, 2005). In brief, cells were wrapped in cotton
fibres to obtain high cell numbers per sample holder and were
frozen in a Leica EMPACT HPF device (Leica Microsystems,
Vienna, Austria). Freeze substitution in 2% OsO4 and 0.05%
uranyl acetate in anhydrous acetone was done in a Leica EM
AFSfor 60 h at —80°Cand 4 h at —30°C. Cells were embedded
in epoxy resin (Agar low-viscosity resin; Agar Scientific, Essex,
UK) and sectioned on a Leica UC7 ultramicrotome for TEM.
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Nitellavegetation points were high-pressure frozen in a Leica
EM HPM100 and cryo-substituted in a EM AFSM?2 in the same
way as Micrasterias.

Ultrathin sections were mounted on formvar-coated copper
grids and investigated with a LEO 912 AB Omega TEM (Zeiss,
Oberkochen, Germany) at 80 kV by means of zero-loss energy
filtering (Liitz-Meindl & Aichinger, 2004). All samples for FIB-
SEM were pre-viewed in TEM to determine fixation quality and
for comparison of structure analyses.

FIB-FESEM tomography

Interphase cells of M. denticulata and vegetation points of
Nitella sp., including both untreated controls, and cells ex-
posed to 150 uM CdSO4 for 4 h or to 180 mwm KClI for 3 and
24 hrespectively, were investigated by FIB-SEM tomography.
After high-pressure freeze fixation and cryo-substitution, sam-
ples were rinsed with acetone, infiltrated and embedded in
epoxy resin (see above). Embedded samples were mounted
on aluminium stubs covered with a thin layer of polymer-
ized epoxy resin. Blocks were trimmed with glass knives in a
LKB Pyramitome with mesa technique in a way that vertical
faces allowed lateral milling of the cells by the FIB. Tomo-
graphic datasets were obtained by the ‘slice and view’ tech-
nique using a Zeiss Auriga 40 crossbeam workstation (Carl
Zeiss Microscopy, Oberkochen, Germany). For milling with
the focused Ga-ion beam, the conditions were as follows: 0.5—
1nA milling current of the Ga-emitter; with each step 5-10 nm
of the epoxy resin was removed by milling with the FIB. SEM
images were recorded with an aperture of 60 ym in the high-
current mode at 1.5 kV of the in-lens EsB detector with the EsB
grid set to —1000 V. Depending on the respective magnifica-
tion, voxel size was in arange between 4 and 15 nm in x/y and
10-15 in z. Contrast of the images was inverted to conven-
tional bright field (for methods, see also Wanner et al., 2013).

Data processing and 3-D-reconstruction

Alignment of image stacks was done with the open source
software Image] (http://rsbweb.nih.gov/ij/index.html) and
Amira Software (VSG; Visualization Sciences Group, Hils-
boro, U.S.A.). Segmentation and 3-D reconstructions were
performed semi-automatically using Amira Software and were
corrected manually.

Results

Dictyosomes of the model systems Micrasterias and Nitella
differ considerably in size and architecture. Although dic-
tyosomes of Micrasterias measure 2—3 um in diameter and
consist of a constant number of 11 cisternae, dictyosomes in
Nitella are only 0.5-1 um large and reveal a varying number
of six to nine cisternae (Fig. 1). This leads to a completely
different width-to-height ratio of dictyosomes in the two
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Fig. 2. Three-dimensional architecture of dictyosomes of untreated cells of Micrasterias (A,B) and Nitella (C-E). Cis-side indicated in red, trans-side in
green. (A,C,D) without and (B,E) with ER (blue) and superimposed on EM micrographs. (B) Dictyosome of Micrasterias entirely enwrapped by ER, (E)
distribution of dictyosomes and ER in Nitella. Mucilage vesicles in Micrasterias coloured in yellow.

algae. In both cells, cis-trans-polarity is present, yet it is
structurally more clearly visible in Micrasterias by decreasing
cisternal lumens from cis to trans (see also Kiermayer,
1970, 1981; Meindl, 1993). 3-D reconstruction obtained
by FIB-SEM serial slicing and bloc face imaging show the
different dimensions of the dictyosomes in the two algae
(Figs. 2A-E). Dilations of the cisternal rims indicate vesicle
formation in both instances (Figs. 2A,C,D). However, the ratio
between vesicles and cisternae is different in a way that the
number of vesicles at the Nitella dictyosome is much higher in
relation to the cisternal surface than in Micrasterias. In Nitella,
vesicles seem to be produced from all cisternae of the stack
whereas vesicle budding in Micrasterias is limited to middle
and trans cisternae (see also Meindl et al., 1992). As clearly
demonstrated in a recent study (Wanner et al., 2013), dic-
tyosomes in Micrasterias are entirely enwrapped by extensive
ER cisternae both at their cis- and their trans-side (Fig. 2B). In
Nitella, association between dictyosomes and ER is not close.
ER cisternae are distributed randomly in the cytoplasm and
are found only occasionally in spatial contact to dictyosomes
(Fig. 2E).

Numerous studies using 2-D TEM analyses have reported
on abiotic stress-induced adverse effects on dictyosomal
structure in Micrasterias and have shown that product
formation is affected (for details and references, see Introduc-
tion). In this study, we have extended these investigations
to further metallic stressors such as Mn and Pb, and to
stress by starvation induced by either 9 weeks darkness,
inhibition of photosynthesis via 3-(3,4-dichlorophenyl)-
1,1-dimethylurea or by inhibition of glycolysis by means
of 2-deoxy-D-glucose, respectively. As demonstrated in
Figs. 3A-E, dictyosomes during different moderate stress
scenarios exhibit common structural reactions. They com-
prise curling of single cisternae or entire dictyosomes (Figs.
3A-D), reduction in cisternal number (Figs. 3A,E), loss in
cis-trans-polarity (Figs. 3A,C,D) and decrease or inhibition of
product formation indicated by a lack of vesicles still attached
to the trans-cisternae or in close spatial vicinity to them
(Figs. 3A,C,D,E). The degree to which these features are
expressed refers to the magnitude of the threat (concentration
or duration of exposure). Cisternae detached or partially
detached from the dictyosomes indicating their degradation
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Fig. 3. Abnormal structure and morphology of dictyosomes in Micrasterias induced by different abiotic stressors (moderate stress). (A) 3 mm MnSO4
for 7 days, (B,C) 5 uMm Pb(NO3), for 21 days, (D) 9 weeks complete darkness and (E) 50 um 2-deoxy-D-glucose for 21 days. White arrowheads point at
dictyosomes without cis-trans- polarity, white arrows at multivesicular bodies, black arrow at partly (D) or completely detached (E) dictyosomal cisternae,

small black arrow at ER. MV mucilage vesicles.

have been observed in cells exposed to complete darkness
(Fig. 3D) and even more pronounced, after inhibition of
photosynthesis by 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(data not shown) or after inhibition of glycolysis by 2-deoxy-
D-glucose (Fig. 3E). In the latter case, dilated ER cisternae were
frequently observed close to detached dictyosomal cisternae
or to outermost trans-cisternae. During all stress scenarios
an increased number of multivesicular bodies (MVB)s were
found in the area of the dictyosomes (Figs. 3A,D,E) when
compared to untreated controls.

When the ionic balance of the cells is disturbed as by ex-
posure to Cd, structural and morphological Golgi reactions
become more severe (see also Andosch et al., 2012). Due to
its ionic similarity, Cd displaces Ca?* from different binding
sites by using Ca-channels for entering the cells and thus dis-
turbing Ca’* homeostasis. In Micrasterias, this leads to cluster
formation of dictyosomes and marked structural and morpho-
logical alterations of the dictyosomes (Figs. 4A,B) and ends
up with their complete degradation. Cisternae become abnor-
mally elongated and curlup both at the cis- and at the trans-side
of the stacks (Figs. 4A,C). Numerous small vesicles represent-
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ing degradation products accumulate between the cisternae.
Again dilated ER cisternae are present at the trans-side of the
dictyosomes. Finally, randomly distributed dictyosomal cister-
nae, frequently attached to larger compartments, are all that
remain of the former dictyosomes (Fig. 4B).

3-D analyses by FIB-SEM tomography shows that the ‘cis-
ternal curls’ observed by 2-D TEM investigations at both faces
of dictyosomes are complete balls, forming compartments on
their own (Figs. 4D,E). They represent detached or partially de-
tached cisternae from the stack. Some middle cisternae of the
former dictyosomes are still maintained, however their rims
are abnormally lacerated and the entire stack is cup-shaped.
The trans-ER, which has been described for the first time in
untreated Micrasterias cells by FIB-SEM tomography as an ex-
panded sheath covering the entire dictyosome (Wanner et al.,
2013) appears coiled up in Cd exposed cells to an abnormal
structure (Supplementary videos S1 and S2).

As described in an earlier study (Affenzeller et al., 2009b),
the structural and morphological changes of dictyosomes
become even more drastic when Micrasterias cells are exposed
to KCl. In cells treated with 200-300 mwm KCl for 3—24 h, the
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Fig. 4. Dictyosomes of Micrasterias after exposure to 150 um CdSO4 for 4 h. (A,B) TEM micrographs, (A) cluster of dictyosomes with elongated partially
detached cisternae, (B) remnants of dictyosomes attached to vacuolar compartments (= balls; white arrows) (C) images from FIB-SEM series, image
number indicated, arrow marks ER at trans-side of abnormal dictyosome, (D,E) different views of corresponding 3-D reconstruction. Dictyosomal cisternae
from cis- to trans-side: light blue to violet. Abnormal ER cisternae displayed in dark blue. Dictyosomal cisternae form balls both at cis- and trans-side of
stack. Brownish vesicles at cis-side of dictyosome represent degradation products.

remaining dictyosomes completely lose their cis-trans-polarity
and vesicles are no longer visible in their vicinity (Figs. 5A—C).
The cisternae curl up and are always in contact with larger
compartments that seem at least in part to derive from a trans-
side located ER as indicated by ribosomes frequently found at
the membranes (Figs. 5B,D). The more the dictyosomes are dis-
integrated the larger become these compartments (compare
Figs. 5A to C). However, it is difficult to deduce from 2-D
TEM micrographs in which way the observed compartments
are structurally connected to the degrading dictyosomes.
In our FIB-SEM investigations it becomes clear that the
typical architecture of a dictyosome is completely lost during
exposure of Micrasterias cells to KCl for 3 h (Figs. 6A-D). The
former stacks consist of aggregations of single or spatially
linked balls (= compartments) and are surrounded by
numerous small vesicles representing degradation products.
As is visible in the micrographs of the FIB-SEM series

(Figs. 6A,B), the balls correspond to the former Golgi cisternae
and may contain either cisternal remnants that are degraded
to different degrees or have other cisternal balls incorporated
in them. Up to three balls can be found in each other (see Figs.
6C,D and Supplementary video S3).

Figures 7A,B show that two different stages of dictyoso-
mal degradation are frequently found in the cytoplasm of
KCl treated Micrasterias cells: cisternal balls and reduced or
partly degraded dictyosomes (= beginning ball formation).
Both structures are in close spatial association to elongated
ER cisternae that pervade the cyotoplasm and increase in vol-
ume with decreasing dictyosomal disintegration. However,
direct structural interactions have been found only between
ER and membrane balls by our 3-D analyses (Fig. 7C). When
zooming through a FIB-SEM series obtained by 10 nm slices
(Supplementary video S4) it becomes obvious that the mem-
branes of the cisternal balls are open towards the ER indicating
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Fig. 5. TEM micrographs of different stages of degraded dictyosomes of Micrasterias after exposure to varying KCI concentrations (intense stress). (A,B)
300 mm KCl, 24 h, (C) 200 mm KCl, 3 h, (D) 300 mm KCl, 24 h and (E) 200 mMm KCl, 24 h. (A-D) The size of the associated compartments increases with
proceeding degradation of dictyosomes (= beginning ball formation). Ribosomes (indicated by arrows) at membranes of compartments in (B) and (D)
suggest that they derive from ER. (E) Final stage of ball formation: compartments (= balls = former cisternae) enclose other compartments (remnants of

dictyosomes = other balls).

that both compartments have already fused. Details of FIB-
SEM series additionally show a number of spatial connections
between cisternal balls and dictyosomal remnants (Figs. 7D,E)
as well as between dictyosomal remnants and ER cisternae
(Fig. 7F).

When the KCl treatment is prolonged to 24 h, dictyosomes
are no longer visible in Micrasterias cells by TEM. Instead,
the cells are filled with numerous vacuole-like compartments
(= balls) that contain other balls or membranes of former
dictyosomes (Fig. 5E).

Exposure of Nitella vegetation points to the same con-
centration of KCl as used for Micrasterias results in similar
morphological and structural changes of the dictyosomes
(Figs. 8A—C). Frequently, both at the cis- and the trans-side of
the dictyosomes ball-shaped compartments appear (Fig. 8D).
The dictyosomes, or some of their cisternae, are in contact with
dilated ER cisternae (Figs. 8B,D). The volume of ER cisternae
in the cytoplasm increases considerably (compare Figs. 2E to
9). Bending of Nitella dictyosomes occurs only occasionally. In
KCl treated Nitella vegetation points not all dictyosomes show
membrane ball formation during degradation. Occasionally
another morphological aberration occurs which can be re-
garded as a moderate stress reaction. In this case dictyosomal
cisternae disintegrate into an increasing number of smaller cis-
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ternae. Our 3-D reconstructions show that such dictyosomes
are slightly bent both towards the cis- and the trans-side
(Figs. 8E-G).

Discussion

Our study provides evidence for common structural, morpho-
logical and functional reactions of dictyosomes after a variety
of different stress scenarios in the algal model system Micras-
terias by using the advantages of serial slicing and FIB-SEM
tomography in combination with classical ultrathin section-
ing and TEM analyses. A stress-induced degradation pathway
of dictyosomes is described that does not follow the “classical”
autophagy concept (Bassham et al., 2006; Avin-Wittenberg
et al.,, 2012; Klionsky et al., 2012) but indicates disintegra-
tion of cisternae into single membrane balls. The close spa-
tial association between the balls (= remnants of dictyosomal
cisternae) and ER cisternae that increase in volume during
Golgi degradation, may indicate that the cisternal balls are
finally taken up into the ER. Comparison of the morphological
features that accompany dictyosomal degradation in Micras-
terias to structural dictyosomal reactions observed during the
same stress application in Nitella, may point towards a ubig-
uitous degradation process, at least in algae.
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Fig. 6. Degraded dictyosomes of Micrasterias after exposure to 180 mm KCl for 3 h. (A,B) Micrographs of FIB-SEM series. Coloured asterisks at EM images
indicate the corresponding 3-D structures. Red asterisk marks remnant of dictyosomes in which dictyosomal cisternae are still visible (= beginning ball
formation), green and brown asterisks mark balls. (C,D) 3-D reconstruction from FIB-SEM series, different views. Degrading dictyosomal cisternae form
single balls containing other compartments or dictyosomal remnants.

(A)

Fig. 7. Membrane connections between different stages of dictyosomal degradation in Micrasterias after exposure to 180 mm KCl for 3 h, visualized by
3-D reconstructions (A,C) and by micrographs of FIB-SEM series (B,D,E,F). (A) Distribution of membrane balls (green), dictyosomal remnants (red) and
ER (blue). (B) Contacts between ER and membrane balls are visible. (C) Later stage of dictyosomal degradation. Membrane balls (green) are connected
to ER cisternae (blue). (D,E) Membrane contacts between balls (arrows) and dictyosomal remnants. (F) ER cisternae (arrow) penetrating dictyosomal
remnant. B, membrane balls; D, dictyosomal remnants.
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Fig. 8. Nitella dictyosomes after exposure to 180 mm KCl for 3 h in TEM (A—C) and 3-D reconstruction (D-G). Two different stress induced morphological
changes can be observed. (A-D) Degrading dictyosome with ball shaped cisternae at cis- and trans-side. (B,D) ER cisternae in contact with degrading

dictyosome. (E-G) Disintegration of dictyosome into increasing number of small cisternae, different views of dictyosome.

The results of our study have shown that moderate stress in-
duced by metal solutions such as Pb nitrate or Mn sulphate, as
well asenergy deprivation by keeping Micrasterias cellsin dark-
ness or by either inhibiting photosynthesis or glycolysis induce
similar structural reactions of the dictyosomes. Depending on
the magnitude of the stress, they include curling of entire dic-
tyosomes or single cisternae, reduction in cisternal number
from 11 down to 2 to 6, loss in cis-trans-polarity and decrease
or inhibition of product formation, indicated by reduction or
lack of vesicles still attached to the trans-cisternae or found
in their surroundings. Our results correspond well to struc-
tural Golgi stress reactions found upon a variety of different
other stress situations in Micrasterias such as oxidative stress
by H,0, (Darehshouri et al., 2008), increase in NO (Lehner
etal., 2009), exposure to different metals (Volland et al., 2011,
2012, 2014) or to high UV-irradiation (Meindl & Liitz, 1996)
and to the physiological stress reactions reported therein. This
indicates that the Golgi apparatus in Micrasterias known as a
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stable, constant organelle in untreated controls (see Introduc-
tion) can be regarded as sensitive stress sensor. The charac-
teristic structural and morphological changes that appear in
TEM allow easy recognition when a cell has been exposed to
stress. As the corresponding investigations are still missing we
have no indications whether this is true for other plant cells as
well. In mammalian cells it has already been recognized that
Golgi structure is an important indicator for stress sensing and
transduction of stress signals (Hicks & Machamer, 2005). The
latter authors found that changes in structure and morphol-
ogy of dictyosomes may reflect stress induced perturbation of
cytoskeleton and trafficking, may indicate disturbance in lipid
metabolism and distribution, and may reflect recruitment or
release of specific regulating proteins.

When stress in Micrasterias becomes more severe as for
example by disturbing the ionic balance of the cells by Cd or
by KCI (this study and Affenzeller et al., 2009b) degradation
of dictyosomes is induced. Detachment of cisternae from the
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Fig. 9. Dictyosome of Nitella and ER distribution after exposure to 180 mm
KClfor 3 h. 3-Dreconstruction from FIB-SEM series. The ER is dramatically
increased when compared to untreated control (Fig. 2E).

dictyosomes, also occasionally occurring during moderate
stress e.g. by starvation, can be regarded as first indication
for Golgi degradation. As clearly demonstrated in the 3-D
reconstructions based on our FIB-SEM series, cisternae may
become detached from both the cis- and the trans-side of the
stack simultaneously and form individual balls (see schematic

(A)

drawing in Fig. 10). Several cisternae (up to three) may
contribute to the balls. The remaining middle cisternae of
the stacks reveal distinctly lacerated rims and the presence
of small vesicles surrounding the degrading dictyosomes
indicate cisternal decomposition in addition to detachment of
cisternae. Concomitantly with the structural disintegration of
the dictyosomes, the arrangement of the ER and in particular
the trans-side located ER changes as well. It loses its elongated
shape and appears coiled up. It is frequently attached to the
cisternal balls of the degrading dictyosomes. When Golgi
degradation proceeds (see schematic drawing in Fig. 10) more
and more cisternae form balls so that the dictyosomes end up
in structures of five to six balls that may again include other
cisternae. The degree to which the dictyosomes of a cell are de-
graded at a particular point of time after Cd or KCl treatment is
different. Some cisternal balls appear empty in our 3-D analy-
ses and some contain membrane structures that still resemble
dictyosomal cisternae. The cisternal balls increase in size with
proceeding degradation of dictyosomes and the trans-side lo-
cated ER is reduced. This and the close contact of ER cisternae
to the membranes of the balls indicate that the ER participates
in the formation of cisternal balls and thus contributes to
dictyosomal degradation. Finally the balls are seen in contact
with large ER sheets that pervade the cytoplasm and increase
in volume during stress. Our FIB-SEM series indicate that
the balls are open towards the ER suggesting that they are
absorbed by it. Our prior 2-D TEM studies suggested that au-
tophagy of entire dictyosomes occurs particularly under KCI
stress (Affenzeller et al., 2009b); however, we could definitely
find no evidence for a ‘classical’ autophagy process from

Fig. 10. Schematic drawing of dictyosomal degradation after intense stress in Micrasterias. Cis-side in red, trans-side in green. (A) Unaffected dictyosome
with 11 cisternae. (B) Dicytosomal degradation has started, outermost cis- and trans-cisternae form balls, the number of “normal” cisternae is reduced.
(C) Proceeding dictyosomal degradation. Cisternal balls incorporate other cisternal ball in them. The number of “normal” cisternae is further reduced;
numerous small vesicles representing degradation products surround the dictyosome. (D) Normal dictyosomal architecture is completely lost. The former
dictyosome consists only of cisternal balls with increased volume. (E) The cisternal balls fuse with long ER strands that have formed during stress.
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analyses of our FIB-SEM series and the corresponding 3-D
reconstructions. This shows that 3-D analysis is absolutely
required for elucidating complex processes such as organelle
degradation.

Comparison of dictyosome degradation in Micrasterias and
Nitella after KCl stress indicates structural similarities. As
in Micrasterias, many Nitella dictyosomes show ball-shaped
cisternae both at their cis- and trans-side after KCl exposure
and are frequently found in contact with dilated ER cister-
nae. Altogether, the volume of the ER in KCI stressed cells
increases in the same way as in Micrasterias. The typical bend-
ing or curling of entire dictyosomes found after any kind of
stress in Micrasterias cannot be observed in Nitella. This may
be explained by the considerable difference of dictyosomal size
and architecture in both algae. Bending of the huge Micraste-
rias dictyosomes during stress may be a result of intracellular
dynamics and may help protect the sensitive trans-surface of
dictyosomes from adverse conditions such as ionic imbalance.
However, the small dictyosomes of Nitellarevealing a complete
different width to height architecture as those of Micrasterias
are probably not able to bend.

In summary our 3-D structural investigations show for
the first time that algal dictyosomes are not degraded as
whole organelles inside of autophagosomes or other lytic
compartments, but are disintegrated into several cisternal
balls which are finally transformed into ER cisternae. This
indicates that the Golgi apparatus and the ER essentially
consist of the same type of membranes and can be regarded
as a functional unit as already proposed from various other
structural and molecular data (Staehelin & Moore, 1995;
Hawes, 2005; Faso et al., 2009; Viotti et al., 2010; Chen et al.,
2011; Brandizzi & Barlowe, 2013; Day et al., 2013; Stefano
etal., 2014 and others). Our observation that both membranes
contribute to the formation of cisternal balls during Golgi
degradation additionally corroborates this view. Further
immuno electron microscopic, molecular biological and
physiological investigations will be required to obtain a more
comprehensive insight into the plant Golgi apparatus as a
stress sensor and into stress-induced degradation pathways of
dictyosomes.
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Abstract

Mitochondria are central organelles for energy supply of cells and play an important role in
maintenance of ionic balance. Consequently mitochondria are highly sensitive to any kind of
stress to which they mainly response by disturbance of respiration, ROS production and
release of cytochrome c into the cytoplasm. Many of the physiological and molecular stress
reactions of mitochondria are well known, yet there is a lack of information on corresponding
stress induced structural changes. 3-D visualization of high-pressure frozen cells by FIB-SEM
tomography and TEM tomography as used for the present investigation provide an excellent
tool for studying structure related mitochondrial stress reactions. In the present study it is
shown that mitochondria in the unicellular freshwater algal model system Micrasterias as well
as in the closely related aquatic higher plant Lemna fuse to local networks as consequence of
exposure ionic stress induced by addition of KCI, NaCl and CoCl2. In dependence on
concentration and duration of the treatment, fusion of mitochondria occurs either by formation
of protuberances arising from the outer mitochondrial membrane, or by direct contact of the
surface of elongated mitochondria. As our results show that respiration is maintained in both
model systems during ionic stress and mitochondrial fusion, as well as formation of
protuberances are reversible, we assume that mitochondrial fusion is a ubiquitous process that
may help the cells to cope with stress. This may occur by interconnecting the respiratory chains
of the individual mitochondria and by enhancing the buffer capacity against stress induced
ionic imbalance.
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ARTICLE INFO ABSTRACT

Mitochondria are central organelles for energy supply of cells and play an important role in maintenance of ionic
balance. Consequently mitochondria are highly sensitive to any kind of stress to which they mainly response by
disturbance of respiration, ROS production and release of cytochrome c into the cytoplasm. Many of the phy-
siological and molecular stress reactions of mitochondria are well known, yet there is a lack of information on
corresponding stress induced structural changes. 3-D visualization of high-pressure frozen cells by FIB-SEM
tomography and TEM tomography as used for the present investigation provide an excellent tool for studying
structure related mitochondrial stress reactions. In the present study it is shown that mitochondria in the uni-
cellular fresh-water algal model system Micrasterias as well as in the closely related aquatic higher plant Lemna
fuse to local networks as a consequence of exposure to ionic stress induced by addition of KCl, NaCl and CoCl,. In
dependence on concentration and duration of the treatment, fusion of mitochondria occurs either by formation
of protuberances arising from the outer mitochondrial membrane, or by direct contact of the surface of elongated
mitochondria. As our results show that respiration is maintained in both model systems during ionic stress and
mitochondrial fusion, as well as formation of protuberances are reversible, we assume that mitochondrial fusion
is a ubiquitous process that may help the cells to cope with stress. This may occur by interconnecting the
respiratory chains of the individual mitochondria and by enhancing the buffer capacity against stress induced
ionic imbalance.
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Salt stress

shaping as well as in fusion or fission processes have been identified
(Cogliati et al., 2016; El Zawily et al., 2014; Hales and Fuller, 1997,

1. Introduction

Mitochondria are fundamental organelles in animal and plant cells
for energy supply by synthesis of ATP via oxidative and are thus highly
sensitive to impact of stress, disease or ageing (Choi et al., 2014; Curley
et al.,, 2014; Gallage and Gil, 2016; Hafiz Che-Othman et al., 2017;
Nunnari and Suomalainen, 2012; Vartapetian et al., 2003; Wiley et al.,
2016). They are highly dynamic discrete organelles in plant cell that are
able to move along cytoskeleton elements, to fuse with each other and
to change their shape (Arimura et al., 2004; Logan, 2006; Logan, 2010).
In plant cells molecular and physiological reactions of mitochondria to
stress are well known and essentially comprise increase or decrease of
respiration, ROS production as well as release of cytochrome c into the
cytoplasm (Colombatti et al., 2014; Martinez-Fabregas et al., 2013;
Tiwari et al., 2002; Virolainen et al., 2002, and others). The latter
processes are central in intracellular signaling and known to induce
programmed cell death (PCD) both in plant and animal cells
(Krishnamurthy, 2000; Logan and Murphy, 2017; Zhan et al., 2014).

Several molecular players that are involved in mitochondrial
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E-mail address: ursula.meindl@sbg.ac.at (U. Liitz-Meindl).
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Logan et al., 2003; Sesaki and Jensen, 1999) which has provided va-
luable information on the regulation of these physiologically important
processes. However, in most studies information on mitochondrial
morphology has been obtained by light- or fluorescent microscopic
techniques which can only provide an overall view due to limit in
spatial resolution. Detailed depiction of mitochondrial structure and
shape alterations such as fusion, changes in cristae or membrane con-
strictions are only possible at high resolution of electron microscopy
and require 3-D analysis. In the present study we employ two different
methods of electron tomography for analyzing pronounced shape
aberrations of mitochondria during ionic stress in the algal model
system Micrasterias after cryo-preparation.

The freshwater alga Micrasterias denticulata (Zygnematophyceae;
Charophyta) which is closely related to higher land plants (Leliaert
et al., 2012; Wodniok et al., 2011) and has been used as a cell biological
model system since many years (for summary see Liitz-Meindl, 2016;
Meindl, 1993) is highly appropriate for such investigations as,

1047-8477/ © 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).
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corresponding to its considerable cell size, it possesses large, distinct
organelles that are well defined throughout the cell cycle. Recent stu-
dies by FIB-SEM tomography (Liitz-Meindl et al., 2016; Wanner et al.,
2013) have provided insight into stress induced sub-structural altera-
tions of dictyosomes and on dictyosomal degradation in Micrasterias. 2-
D standard TEM methods after cryo-preparation have provided evi-
dence that high salinity induces the formation of pronounced pro-
tuberances of the outer mitochondrial membrane as well as mi-
tochondrial elongation (Affenzeller et al., 2009a). Moreover in this, and
in many other plant and animal cells, bloating of mitochondria com-
bined with reduced but elongated cristae is regarded as a characteristic
hallmark for PCD (Zhan et al., 2014).

Other organelles such as chloroplasts (Santos et al., 2001), dictyo-
somes (Liitz-Meindl et al., 2016; Wanner et al., 2013) and endoplasmic
reticulum (ER; (Faso et al., 2009)) clearly reveal structural stress hall-
marks as well. Stress induced inhibition of photosynthesis is frequently
linked to structural disorganization of the chloroplast such as dilations
of thylakoid membranes (Niewiadomska et al., 2011; Pottosin and
Shabala, 2016), formation of vacuolar structures (Liitz et al., 2016) and
redistribution of starch accumulation and grana stacks (Holzinger and
Liitz, 2006). Depending on the stress mode, dictyosomes may react with
a reduction in number or volume of cisternae both reflecting a dis-
turbed material flow (Donohoe et al., 2013). In the alga Micrasterias,
dictyosomes for example are degraded during stress by formation of
cisternal balls which are finally taken up into the ER (Liitz-Meindl et al.,
2016).

Naturally, the freshwater green alga Micrasterias inhabits peat bogs
with low pH, which may be exposed to extreme environmental condi-
tions like high UV-radiation, fluctuation of temperature and different
anthropogenic pollutions such as pesticides, high salinity or heavy
metals. Metal stress (Cu, Zn, Al, Cd, Cr, Fe, Pb) for example, causes
alterations in photosynthesis, morphogenesis, respiration and ultra-
structure of Micrasterias (Andosch et al., 2012; Volland et al., 2011).
Analytical TEM has provided evidence that metals are differently se-
questered in compartments such as vacuoles or the cell wall but can be
also taken up into organelles like chloroplasts or different vesicle po-
pulations (Volland et al., 2011; Zheng et al., 2012). Different classes of
phytochelatins have been identified in Cd treated Micrasterias samples
by mass spectrometry and are obviously involved in stress diminish-
ment (Volland et al., 2013). To avoid cell damage, the alga has devel-
oped different strategies to cope with different stress scenarios and to
maintain viable functions such as photosynthesis and respiration.

Particularly, salt stress represents a considerable thread to algae like
Micrasterias as due to their low concentrated surroundings in clean
freshwater (peat bogs). The cells do only face minor traces of salt such
as KCl or NaCl in their natural habitats. Entry of salt into the cells thus
causes severe intracellular disturbances such as degradation of dictyo-
somes, increase in ROS production, autophagy and finally PCD
(Affenzeller et al., 2009a; Affenzeller et al., 2009b). The pronounced
protuberances that were visualized by standard 2-D TEM in KCl stressed
Micrasterias cells seem to indicate an influence on the respiratory
system, which however was rebutted by the finding that oxygen con-
sumption was maintained or only slightly reduced under these adverse
conditions (Affenzeller et al., 2009a). This led us to the conclusion that
the structural alterations of mitochondria during ionic stress are
somehow related to the fact that they are able to maintain their re-
spiration, despite severe stress impact. To prove this working hypoth-
esis the present study is aimed to analyze the structural mitochondrial
alterations in detail, to correlate them to the intensity of the stress and
to find out whether different ionic stressors cause the same reactions
and to investigate what happens when mitochondrial deformations are
experimentally prevented during stress.

Structural aberrations of mitochondria have been reported in the
literature during stress or disease in plant and animal cells (Choi et al.,
2014; Vartapetian et al., 2003). For example protuberances of the outer
mitochondrial membrane were observed in transgenic mouse brain as

Journal of Structural Biology xxx (XxXX) XXX—XXX

consequence of Alzheimer’s disease (Choi et al., 2014) and non-invasive
radiofrequency induced elongation of mitochondria of pancreatic
cancer cells and altered the outer mitochondrial membrane (Curley
et al., 2014). By means of 3-D electron microscopy a recent study (Song
et al.,, 2017) in the model system Paramecium bursaria showed that a
membrane-associated mitochondrial network is involved in symbiotic
interactions with Zoochlorella. In higher plants such as Cucurbita pepo
(Vartapetian et al., 2003), mitochondria elongate and form aggrega-
tions due to anaerobic stress.

In order to obtain comprehensive insight into salt-stressed altera-
tions of mitochondria in the model system Micrasterias and to link
structural alterations to physiological function, two different methods
of electron tomography have been used for the present investigations.
FIB-SEM tomography which allows observation of large volumes of the
cytoplasm was employed for investigating mitochondrial shape and
distribution, TEM tomography providing high resolution of structural
details was used for depicting fusion processes and membrane altera-
tions. Although electron tomography is an important tool for studying
the relation between function and structure (Asano et al., 2016), par-
ticularly in plants only few studies have used this method so far. For
example the relationship of ER and Golgi apparatus in plants and the
corresponding membrane trafficking (Day et al., 2013; Donohoe et al.,
2006; Donohoe et al., 2013; Kang and Staehelin, 2008; Kang et al.,
2011), as well as arrangement of thylakoid membranes of an unicellular
cyanobacterium (Liberton et al., 2011) and chromosome centromere
structure (Schroeder-Reiter et al., 2012), have been investigated by
electron tomographic imaging so far. 3-D reconstructions of mi-
tochondria have been used for studying functionality and ultrastructure
of mitochondria during different nutritional stress-conditions such as
iron (Fe) deficiency in leaves of Cucumis sativus L. (Vigani et al., 2015).
The study revealed that number and volume of mitochondrial cristae is
altered due to Fe shortage. Parallel to these 3-D structural alterations,
the respiratory chain was operating at a lower rate compared to control
cells.

It is the aim of the present study to correlate alterations of mi-
tochondrial structure and morphology in Micrasterias to its physiolo-
gical functions in stress response during different ionic stress scenarios.
In order to prove their general validity the results are compared to those
obtained in the aquatic higher plant Lemna sp. under the same stress
conditions. This is particularly interesting as Lemna (Araceae) is closely
related to Micrasterias from an evolutionary point of view (see Leliaert
et al.,, 2012). It is also an aquatic plant but is adapted to completely
different environmental conditions and can thus cope with environ-
mental pollution much better than Micrasterias (see citations below).
Moreover it has been used as a model system since many years (see e.g.
Appenroth et al., 2015) and numerous highly important results on its
physiological reactions to different stress conditions, and also to high
salinity have been collected over the years (Basile et al., 2015; Dalla
Vecchia et al., 2005; Fodorpataki et al., 2015; Oukarroum et al., 2015;
Sikorski et al., 2013; Sree et al., 2015, and many others). By comparing
stress induced structural reactions of mitochondria in these two or-
ganisms, by recovery experiments, measurements of respiration and
photosynthetic oxygen production as well as by employment of the K
channel inhibitor bumetanide, we aim to prove the hypothesis, that
formation of mitochondrial networks represents a survival strategy of
plant cells during ionic stress impact.

2. Material and methods

All chemicals were purchased from Sigma-Aldrich (Vienna, Austria)
or Roth (Karlsruhe, Germany) unless stated differently.

2.1. Cultivation of Micrasterias denticulata and Lemna sp

Micrasterias denticulata Breb. was cultivated in Erlenmeyer flasks in
30ml Desmidiacean medium (Schlosser, 1982) at 20°C and a
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Fig. 1. 3-D visualization of mitochondria (purple) from FIB-SEM tomograms of Micrasterias denticulata. (A) Untreated control cell; solitary mitochondria round to
oval. (B) Image from FIB-SEM series (see inlet), showing two adjacent mitochondria that are not fused. (C) Elongated, partially fused (inset) mitochondria of 150 mM
KCl (3 h) treated cell, (D) 4 consecutive images of FIB-SEM series demonstrating fused mitochondria in inlet of C. (E, F) Mitochondria in 180 mM KCl (3 h) treated
cells fused to elaborate networks. Mitochondria are partially connected to membrane balls (=degenerated dictyosomes; green); protuberances of the outer mi-

tochondrial membrane in transparent purple.

light-dark cycle of 14-10 h. Desmidiacean medium consists of 100 mg
KNOj, 10 mg (NH,4)>, HPO4, 10 mg MgSO, 7H,0, 10ml of saturated
CaS0Oy4, 5ml trace element stock solution (ZnSO4 7H,0, MnSO,4 4H,0,
H3B03, CO(NOg)z 6H20, Na2M004 2H20, CuSO4 5H20, FeSO4 7H20,
EDTA (Titriplex III Merck)) and 30 ml soil extract solved in 2 L distilled
water. The culture medium does not contain KCl, NaCl or CoCl,. In
order to obtain defined interphase cells for the KCI treatment, devel-
opmental stages were collected and were allowed to grow in nutrient
solution for 48 h under standard culture conditions before the exposure
to KCl started. Micrasterias cells were subcultered every 3-4 weeks.

The aquatic freshwater plant Lemna sp. was also cultivated in
Erlenmeyer flasks in 50ml of Hoagland’s Medium (Cowgill and
Milazzo, 1989) under axenic conditions. The cultures were stored in
incubators at a temperature of 20 °C and a light-dark cycle of 12-12 h.
Lemna was subcultered every 5-6 weeks by transferring two single
plants into a new Erlenmeyer flask of Hoagland’s medium.

2.2. KCl treatment

Defined interphase cells (see above) of Micrasterias denticulata were
treated with 120, 150 and 180 mM KCl for 3h (Affenzeller et al.,
2009a) in glass dishes by substituting the nutrient medium by the re-
spective solution. Lemna sp. was treated with 150 mM KCl for 5 days by
transferring two plants each into the respective solution.

2.3. Recovery

Cells treated with 150 mM KCl for 3 h, as well as untreated control
cells of Micrasterias, were re-transferred into Desmidiaceaen medium
for 24h, respectively 48h recovery and investigated by light

microscopy and TEM.

2.4. Bumetanide treatment

In order to determine how the mitochondrial protuberances are
formed, Micrasterias cells were exposed to the NKCC (Na-K-Cly-co-
transporter) blocker bumetanide that inhibits water channels as well
(Hamann et al., 2010). Interphase cells of Micrasterias denticulata were
treated with 100 uM bumetanide, 1 h and were transferred into 150 mM
KCl for 3 h, thereafter. In parallel, cells were treated with a mixture of
10 uM bumetanide and 150 mM KClI for 3 h. Untreated cells and 100 uM
bumetanide, 1 h cells were used as controls. After fixation (see above),
cells were observed in TEM.

2.5. NaCl and CoCl, exposure

For comparison to KCl effects, ionic stress was induced by NaCl and
CoCl, as well. Interphase cells of Micrasterias denticulata were treated
with 180 mM NaCl (3 h, 24 h) and 30 uM CoCl, (2 weeks), respectively.
Treated cells and controls were investigated in TEM.

2.6. Measurement of photosynthetic oxygen production and respiration

Oxygen measurements of KCl treated Micrasterias cells, Lemna plants
and untreated controls were performed by polarographic oxygen de-
termination (Hansatech, King’s Lynn, England) during 6 light and dark
cycles in order to obtain insight into their respiratory and photo-
synthetic efficiency during exposure to elevated KCl concentrations.
The temperature in the surrounding medium was 20 °C at an illumi-
nation of approximately 200 umol photons m~2s~ . Cell cultures of
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Fig. 2. Reconstructions of mitochondria from TEM tomograms of 180 mM KCl (3 h) treated Micrasterias cells (A-D). Reconstructions of mitochondria (purple) in
different angles superimposed on TEM micrographs. (A, C, D) Mitochondrial protuberances (transparent purple) are formed by outer mitochondrial membrane. (B)

Mitochondria are fused via protuberances.

Micrasterias denticulata (approximately 2000 cells/ml) were treated
with 150 mM KCI for 3 and 24 h, respectively. O, measurements of
Micrasterias denticulata were performed according to earlier experi-
ments (Liitz et al., 1997; Weiss et al., 1999). For Lemna, leaves were
treated with DMF (dimethylformamide) for chlorophyll extraction. O,
measurements of Lemna were performed according to Porra et al.
(1989).

2.7. Preparation for TEM and FIB-SEM

Untreated control cells and Micrasterias cells treated as described
above were transferred into the sample holder of the high-pressure
freezer attached to cotton fibers (for details see Meindl et al., 1992).
The sample holders were filled up with yeast suspension, to guarantee
pressure transfer. High-pressure freezing of both Micrasterias and Lemna
was done in a Leica EMPACT HPF device (Leica Microsystems, Vienna,
Austria) with a cooling rate of at least 12.270K/s and a pressure of
2040 bar.

Leaf samples of Lemna were punched out in the exact diameter of
the sample holder of the high pressure freezer. Again, the holders were
topped with yeast suspension.

The substitution medium contained 2 % OsO4 and 0.05 % uranyl
acetate in anhydrous acetone. Cryo-substitution was performed in a
Leica EM AFS with the following cycles: 60h at —80°C and 4h at
—30 °C. After cryo-substitution, the samples were embedded in epoxy
resin (Agar Scientific, Essex, UK). Sectioning for TEM and TEM-tomo-
graphy was done in a Leica UC7 ultramicrotome.

Ultrathin sections were collected on Formvar coated copper grids.
For standard TEM, square meshed grids and 60-70 nm sections were
used. For TEM tomography, 120-180 nm sections were mounted on
parallel meshed grids.

2.8. TEM and TEM tomography

TEM analysis and TEM tomography were carried out in a LEO 912
AB TEM with in column Omega energy filter (Zeiss, Oberkochen,
Germany). For standard TEM imaging the TEM was operated at an
acceleration voltage of 80kV, for electron tomography at 120 kV.
Images were taken by a Trondle TRS Sharp Eye bottom mount 2 K CCD
camera (Trondle, Moorenweis, Germany) and were always filtered at
zero energy loss imaging mode.

For TEM tomography, Formvar coated grids with 120 nm to 180 nm
sections were incubated in 2 pl of 15 nm colloidal gold particles (BBI
Solutions, Cardiff, UK) on both grid sides in order to facilitate the
subsequent alignment processes. Up to 3 serial sections were join-
aligned for reconstruction. The samples were automatically tilted from
—70° to +70° with 1° increment. For acquisition and calibration, iTEM
(Olympus Soft Imaging Solutions GmbH, Miinster, Germany) Software
was employed. For the tilting series of the TEM tomography, images
were first stack aligned in iTEM a several times. Tiff files were con-
verted via ImageJ to st-files for the actual alignment and reconstruction
(WBP) with IMOD (Mastronarde, Boulder, University of Colorado,
USA). Segmentation was done manually by Thermo Scientific™ Amira™
Software.

2.9. FIB/SEM tomography

Sample preparation for FIB/SEM tomography was implemented as
explained above until the embedding step in epoxy resin. For further
use, aluminum stubs were coated with a thin layer of polymerized
epoxy resin within small plastic tubes. The blocks were trimmed with a
LKB Pyramitome (mesa technique) to enable lateral milling via FIB (Ga-
ion beam). For conductivity the specimens were coated with approx.
15 nm carbon by evaporation. “Slice and view” technique was applied
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Fig. 3. Statistical analysis of mitochondrial volume and length measurement
from FIB-SEM tomograms in Micrasterias denticulata. (A) Comparison of mi-
tochondrial volumes of controls and of cells treated with different KCl con-
centrations (with standard deviation; see Section 2). (B) Mitochondrion of un-
treated control cell. (C) Mitochondrion of 150 mM KCl, 3h treated cell. (D)
Mitochondrial network of 180 mM KCl, 3 h treated cell.

with a Zeiss Auriga 40 crossbeam workstation (Carl Zeiss Microscopy,
Oberkochen, Germany) to obtain tomographic datasets. FIB milling was
performed with 0.5-1nA milling current of the Ga-emitter. The “slice
thickness” was chosen between 5nm and 10 nm. Micrographs of the
block faces were taken at 1.5 kV with the back scattered electron signal
of the in-lens EsB detector with an aperture of 60 pm in the high-current
mode (for methods see Liitz-Meindl et al., 2016; Wanner et al., 2013).

For each experimental approach, at least 4 cells were investigated
via TEM and FIB-SEM.

The alignment (semi-automatically) of the FIB/SEM image stacks, as
well as segmentation (manually) was done with Amira™ Software
(Visualized Sciences Group, Hilsboro, USA).

2.10. Statistics

In order to obtain statistical evaluation of the 3-D data, volumes of
mitochondria were calculated in controls and after treatment with
different KCl concentrations in Micrasterias using the “material statis-
tics” tool of Amira™ Software. Due to the high technical and financial
expenses of FIB-SEM imaging the sample number had to be limited to 2
samples, respectively mitochondrial networks per treatment.
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3. Results

3.1. Mitochondria in KCl-stressed Micrasterias cells fuse to elaborate
networks

Corresponding to the considerable cell size, with a diameter up to
200 pm, mitochondria of Micrasterias denticulata are large (1-2 pm in
diameter) and exceed the size of higher plant organelles. Organelle
morphology is well defined and both, their structure and distribution
under normal culture conditions is well known from numerous 2-D TEM
and light microscopic investigations (for summary see Liitz-Meindl,
2016; Meindl, 1993). 3-D visualization by FIB-SEM tomography of
untreated control cells of Micrasterias reveals round to slightly oval
shaped mitochondria, with an average diameter of 1.5 um. Mitochon-
dria in untreated control interphase cells are solitary dispersed and
randomly scattered within the cell (Fig. 1 A). This finding corroborates
earlier light microscopic and 2-D TEM observations (Liitz-Meindl, 2016;
Meindl, 1993). Neither aggregations, nor fusions (Fig. 1 B) between
individual mitochondria have been observed by TEM imaging, TEM-
tomography or by FIB-SEM tomography in controls.

Concentrations up to 100 mM KCl did not induce structural altera-
tions in mitochondria of Micrasterias. In a concentration range between
120 mM and 180 mM KClI for 3 h, salt stress evoked distinct structural
alterations of shape and distribution of mitochondria when compared
to untreated controls (Fig. 3 A; for 2D-TEM images see Affenzeller et al.,
2009a). 120 mM and 150 mM KCI treatment resulted in extreme elon-
gations of mitochondria, which exceeded multiple times the length of
untreated control mitochondria of Micrasterias (Fig. 3 B; Fig. 4 B;
Table 1). With increasing concentration mitochondrial matrix appeared
electron dense and condensed, indicating shrinkage. Our 3-D visuali-
zation from FIB-SEM tomography show that at 150 mM KCl, mi-
tochondria have already started fusing (Fig. 1 C, D). The most striking
structural alterations of mitochondria are pronounced elongations and
formation of protuberances that interconnect mitochondria to local
networks as occurring at 180 mM KCl (Fig. 1 E, F; Fig. 2 A-D; Fig. 3 C).
Numerous networks that are obviously formed by fusion of several
mitochondria are found inside these cells, yet there is no indication that
the single networks are connected to each other. As visualized by TEM
tomography fusion of mitochondria takes place by formation of pro-
tuberances of the outer mitochondrial membrane (Fig. 2 A-D). Fig. 1 (E,
F) shows that mitochondria in KCl (180 mM) stressed cells may also be
structurally connected to membrane balls resulting from dictyosome
degradation during salt stress (Liitz-Meindl et al., 2016). Statistical
analyses show that the volume of mitochondria increases from 2.1 pm®
(control) to 2.9 um3 (at 150 mM KCl) and to 9 ums at the highest con-
centration of 180 mM KCl in average (Fig. 3 D).

3.2. Mitochondria regain their solitary distribution and morphology during
recovery from KCl treatment

In order to find out whether mitochondrial fusion via protuberances
is reversible, recovery experiments were performed. The KCI solution
was replaced by Desmidiaceaen medium and the cells were allowed to
recover for 24 h or 48 h, respectively. After 24 h of recovery (Fig. 4 D),
mitochondria reveal only slight alterations and are in maximum only
double the size when compared to untreated control mitochondria.
Such minor elongations have been occasionally observed even in un-
treated control cells of Micrasterias. Neither fusions, nor protuberances
of the outer mitochondrial membrane as during KCl treatment (Fig. 4 B,
C) were observed after 24 h of recovery in TEM. Overall, only few
mitochondria reveal structural alterations, yet dictyosomes appeared in
different stages of degeneration (see Liitz-Meindl, 2016). After 48h
recovery (Fig. 4 E), both, mitochondria and dictyosomes of Micrasterias
denticulata have the same structure and size as in untreated control cells
(Fig. 4 A). These results show that KCI induced fusion of mitochondria
is completely reversible when the cells are re-transferred into nutrient
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solution.

3.3. The K-channel inhibitor bumetanide prevents formation of
mitochondrial protuberances

In order to clarify whether formation of mitochondrial protuber-
ances that leads to fusion is due to a swelling process induced by dis-
turbance of the ionic balance, KCl exposed Micrasterias cells were
treated with the NKCC transporter inhibitor, bumetanide (for metho-
dological details see Section 2). In Micrasterias cells that were treated
with 100 uM bumetanide (1 h) prior to 150 mM KCl (3h) exposure,
mitochondria do form clusters but do not fuse to local mitochondrial
networks, as described in exclusively KCl treated Micrasterias cells.
Protuberances of the outer mitochondrial membrane were not found
(Fig. 5 A). Similar effects were observed by coincident treatment with
10 uM bumetanide + 150 mM KCI (3 h) of Micrasterias (Fig. 5 B). Also,
in this case protuberances of the mitochondrial membrane did not exist
and the structure of mitochondria was similar to that of cells treated
with 100 uM bumetanide alone (Fig. 5 C) which were slightly swollen
when compared to untreated control cells of Micrasterias (Fig. 5 D).
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Fig. 4. TEM micrographs of mitochondria of
Micrasterias before and during recovery from
150 mM KCl (3h) treatment. (A) Solitary mi-
tochondrion (M) in untreated control cell. (B)
Extremely  elongated  mitochondrion in
Micrasterias cell treated with 120 mM KCl (3 h).
(C) KClI stressed cell (150 mM, 3h); mitochon-
dria in network with elongated electron dense,
condensed matrix, protuberances of outer
membrane (arrows) visible. (D) 24h recovery
from 150 mM (3h) KCl stress; cluster of mi-
tochondria still visible, no protuberances, D de-
generated dictyosome. (E) 48h recovery from
150 mM (3 h) KCl stress; solitary mitochondria
like in controls; (D). Dictyosome (D) recovered.

3.4. Other ionic stressors such as NaCl and CoCl, do also induce
aggregation of mitochondria

Other ionic stressors such as NaCl and CoCl, have similar effects on
mitochondria of Micrasterias as KCl as observed by TEM (Fig. 6 A-D).
Aggregations of mitochondria, as well as protuberances of the outer
mitochondrial membrane (Fig. 6 A, see arrows) were observed in 30 uM
CoCl,, 2weeks (Fig. 6 A), 180 mM NaCl, 3h (Fig. 6 B) and 180 mM
NaCl, 24 h (Fig. 6 C) treated cells of Micrasterias, indicating that stress
induced fusion of mitochondria takes place in the same way as after KCl
exposure.

3.5. KCl induces fusion of mitochondria also in the aquatic higher plant
Lemna

The freshwater duckweed Lemna shows similar sub-structural effects
after KCl treatment as KCl stressed Micrasterias cells. Whereas mi-
tochondria of untreated control Lemna leaves appear solitarily dis-
persed in the cytoplasm (Fig. 7 E, F), mitochondrial elongations in
Lemna as well as fusion between mitochondria, to form large networks,
are even more pronounced than in the alga Micrasterias. However,
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Table 1
Different treatments of Micrasterias and Lemna and resulting structural alterations in 2-D (by TEM) and 3-D (by FIB-SEM and TEM tomography) in comparison to
controls.

Treatment Mitochondria in 2-D Mitochondria in 3-D

Micrasterias control

Micrasterias 120 mM KCl, 3h
Micrasterias 150 mM KCl, 3h
Micrasterias 180 mM KCl, 3h

Micrasterias 180 mM NacCl, 3h, 24h

Micrasterias 30 pM CoCl,, 2 weeks

Micrasterias 100 uM bumetanide, 1 h - > 150 mM KCl,

3h
Micrasterias 10 pM bumetanide + 150 mM KCl, 3h

Micrasterias 100 pM bumetanide, 1 h
Lemna control

Lemna 150 mM KCl, 5 d
Lemna 180 mM KCl, 5d

round, slightly oval shaped

elongation

single protuberances of outer membrane,
elongation, aggregation

protuberances of outer membrane, elongation,
aggregation

protuberances of outer membrane, elongation,
aggregation

protuberances of outer membrane, elongation,
aggregation

no protuberances, no elongation, mitochondria
slightly swollen

no protuberances, no elongation, mitochondria
slightly swollen

no protuberances, no elongation, mitochondria
slightly swollen

round, slightly oval shaped

elongation, aggregation

slight protuberances of outer membrane,
elongation, aggregation

spherical, bean-shaped
elongation, fusion
elongation, fusion to local networks

fusion to local networks via protuberances of outer membrane,
linked to membrane balls, elongation

spherical, bean-shaped

elongation, fusion to local networks

slight protuberances of outer membrane, elongation, fusion to local
networks, linked to ER

Fig. 5. Effects of K-channel inhibitor bumetanide on mitochondria of Micrasterias in TEM. (A) 100 uM bumetanide (1 h) prior to 150 mM KCI (3h) cluster of
mitochondria, no protuberances visible, mitochondria swollen in comparison to controls (D). (B) Coincident treatment with 10 uM bumetanide + 150 mM KCl (3 h),
single mitochondria, no protuberances. (C) 100 uM bumetanide (1 h) alone. Swollen mitochondria, no protuberances (D) Untreated control cell of Micrasterias; M:

mitochondria, P: peroxisome.

protuberances of the outer mitochondrial membrane appear only rarely
and it seems that mitochondria of Lemna frequently fuse by direct
contact with each other. Mitochondrial networks are frequently found
in close spatial contact to ER cisternae in Lemna (Fig. 7 A-D).

3.6. Photosynthetic O, production and O consumption (dark respiration) is
maintained in Micrasterias and Lemna during salt stress

O, production (photosynthesis) and O, consumption (respiration)
was measured by polarographic oxygen determination during KCl
stress. Both apparent photosynthesis and dark respiration of
Micrasterias increase during 3h treatment with 150 mM KCl and de-
crease after 24 h KCI exposure when compared to untreated controls
(Fig. 8 A). Photosynthesis of Lemna sp. increases after 5 d treatment
with 150 mM KCl, while respiration drops down to approximately 75%
in comparison to control cells. After 9 d of salt-stress respiration

decreases to approximately 10% while photosynthesis is slightly higher
than in untreated control cells (Fig. 8 B). O, measurements of Lemna
after 9 d of KCl treatment have shown, that the stressed plants reacts
slower to light and dark cycles than untreated controls.

4, Discussion

The present study shows that mitochondria both, in the unicellular
alga Micrasterias and in the aquatic higher plant Lemna fuse to nu-
merous local networks under ionic stress conditions experimentally
induced by application of unphysiological high concentrations of KCl,
NaCl and CoCl, (Fig. 9 A-F) . By means of 2-D TEM as well as TEM- and
FIB-SEM tomography it is shown that mitochondrial fusions are fre-
quently formed by formation of protuberances of the outer mitochon-
drial membrane in Micrasterias but may also occur by direct contact of
adjacent mitochondria like in Lemna. In both organisms cells are able to
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Fig. 6. Mitochondria in CoCl, and NaCl treated Micrasterias cells. (A) 30 pM CoCl, (2 weeks) induces membrane protuberances of mitochondria (arrows) and
mitochondrial clusters. TEM micrograph kindly provided by Lothar Gotz. (B) 180 mM NaCl (3 h) and (C) 180 mM NacCl (24 h); mitochondrial clusters are formed and
mitochondrial matrix condenses in a similar way as during KCl treatment (compare Fig. 4 C). (D) Mitochondria in untreated control.

Fig. 7. Reconstruction of mitochondrial networks in Lemna leaves from TEM tomogram (A-C) and TEM micrographs (D-F) of mitochondria and ER of 150 mM KCl (5
days) treated (A-D) and untreated Lemna control (E, F). Mitochondria (purple) form networks by direct fusion or via protuberances (transparent purple).

Mitochondrial networks are closely associated with ER cisternae (blue).

maintain their respiratory activity during mitochondrial network for-
mation in a similar way as controls. This allows the conclusion that
formation of mitochondrial networks in which the single organelles are
fused to each other, represents an effective mode for the cell to cope
with stress. All structural alterations of mitochondria observed during
stress exposure, such as fusion, aggregation, elongation and formation
of protuberance of the outer mitochondrial membrane are reversible

upon stress relief.

Formation of mitochondrial aggregations or fusion of mitochondria
have been reported in algal cells (Scholz and Westermann, 2013; Song
et al., 2017), higher plants (Arimura et al., 2004; Hales and Fuller,
1997; Logan, 2010; Vartapetian et al., 2003), and animal cells (Choi
et al., 2014) by means of different techniques, sometimes but not al-
ways in relation to stress. It is generally believed that mitochondrial
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Fig. 8. Photosynthetic oxygen production (apparent photosynthesis) and dark respiration of (A) Micrasterias and (B) Lemna. In both organisms respiration is still

efficient after 3h exposure when mitochondrial fusions occur.

fusion is important for maintenance of respiratory capacity, for al-
lowing mitochondrial DNA complementation and recombination as
well as for dissipation and exchange of metabolic constituents (Logan,
2010; Scholz and Westermann, 2013). Cytoskeleton driven transient
fusions of mitochondria as reported from live cell imaging, are assumed
to be the basis for control of mitochondrial “health” (Logan, 2010). The
way in which alterations of mitochondrial morphology are expressed
depends both, on the stressor and on the organism. Mitochondria of
transgenic AD (Alzheimer’s disease) mice form protuberances of the
outer mitochondrial membrane (Choi et al., 2014), similar to KCI
treated mitochondria of Micrasterias, but neither fission nor fusion of
mitochondria were reported. In Las-infected (autotransporter protein of
Candidatus Liberibacter asiaticus) periwinkle plant, mitochondria fuse
to aggregates but no protuberances have been reported (Hao et al.,
2013).

Our electron tomography study shows that mitochondrial networks
of Micrasterias are formed via protuberances of the outer mitochondrial
membrane whereas in the closely related higher aquatic plant Lemna
fusion occurs preferentially by direct membrane contact of adjacent
mitochondria. Only rarely protuberances of the outer mitochondrial
membrane were observed in Lemna. In Micrasterias the formation of
mitochondrial protuberances depends on the KCI concentration and
seems to result from a membrane surplus as consequence of shrinkage
of the mitochondrial matrix due to the ionic imbalance (see below). At
higher concentrations (150mM and above) mitochondria of
Micrasterias fuse primarily via protuberances of the outer mitochondrial
membrane, whereas lower concentrations lead to elongation of mi-
tochondria and results in direct mitochondrial fusion without pro-
tuberances, similar to the observations in KCl treated Lemna. We thus
assume that mitochondrial elongation, approach and fusion via direct
membrane contact represent a basic stress response in both organisms.
Formation of protuberances of the outer mitochondrial membrane does
not seem to be essential for this process but may facilitate and may
accelerate the fusion process. Additionally it may prevent rupture of the
outer mitochondrial membrane which may initialize cell death (Matic
et al., 2017; Ruffoli et al., 2015; Szklarczyk et al., 2014). The observed
mitochondrial transition from ovoid to elongated shape in our experi-
ments, both in Micrasterias and in Lemna may represent an adaptive
response that may have two beneficial consequences. (1) It prevents salt
stress-induced rupture of the outer membrane and, accordingly, it
guarantees survival of cells. (2) An increase in matrix volume also may
increase respiratory chain activity and ATP production (for review see

Kaasik et al., 2007). Thus, elongation of mitochondria may promote
maintenance of physiological mitochondrial processes, like respiration
(see Fig. 8). Despite their different natural environment Micrasterias and
Lemna mitochondria exist in two discrete phenotypes - a spheroid
phenotype in “normal” conditions and an elongated one in hyper-
osmotic conditions. Both phenotypes are adaptive responses to the
environment and increase the likelihood of survival.

That salt stress signaling pathways are directly connected to mi-
tochondrial metabolism is excellently shown in a recent publication on
higher plants (Hafiz Che-Othman et al., 2017) indicating that mainly
two biochemical processes are affected. These are the TCA cycle and the
transport of metabolites across the inner mitochondrial membrane
(Ivanova et al., 2016). The mitochondrial K* cycle has been tightly
associated with cytoprotective consequences in animal as well as in
plant cells (for review see Garlid and Paucek, 2003; Laskowski et al.,
2016). It consists of an K* influx into the mitochondrial matrix across
K" channels, located in the inner mitochondrial membrane and is ac-
companied by flux of water across aquaporins causing swelling of the
mitochondrial matrix. In the plasma membrane, K* as well as water
flux can be handled by single transporter, NKCC, which is sensitive to
bumetanide at least in astrocyte mitochondria (Kintner et al., 2007).

In the present study, we found that bumetanide pretreatment sup-
presses protuberance formation in stressed Micrasterias cells. We thus
suggest that protuberances are formed by the outer mitochondrial
membrane as a consequence of mitochondrial matrix shrinkage, in-
dicated by the electron dense, condensed appearance of the mi-
tochondrial matrix in our TEM analysis. Bumetanide pretreated
Micrasterias cells show swollen mitochondria, which do not contain a
surplus outer mitochondrial membrane. If Micrasterias mitochondria
contain NKCC transporters, our finding indicate that in mitochondria
this transporter mediates an efflux of ions as well as of water in stressed
cells. Consequently, the matrix shrinks and the surplus of outer mi-
tochondria membrane forms protuberances.

In Micrasterias, mitochondria within local networks are partially
linked to membrane balls that are remnants of degenerated dictyo-
somes, as determined recently by FIB-SEM tomography in Micrasterias
(Liitz-Meindl et al., 2016). We assume that these structural connections
between mitochondria and membrane balls are functional in stabilizing
mitochondrial networks. Such connections between mitochondria and
other membranous compartments have not been observed so far neither
in control cells nor in Micrasterias cells under stress. In Lemna where
protuberances of the outer mitochondrial membrane were less
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Fig. 9. Schematic drawing of mitochondrial structure responses to ionic stress in Micrasterias (B-F): Mitochondria fuse to local networks with increasing con-
centration of stressor (B- > E). (A) Untreated mitochondrion. (B) Elongated mitochondrion after low concentration of stressor. (C) Protuberance of outer mi-
tochondrial membrane during high concentration of stressor. Inner membrane and mitochondrial matrix slightly condensed. (D) Fusion of two mitochondria via
prolonged mitochondrial protuberances. (E) Local network formed by fusion of mitochondria. (F) Solitary dispersed local networks of mitochondria in Micrasterias.

pronounced, mitochondrial networks were always enwrapped by ER
cisternae which may as well act in their stabilization. Also in other
higher plant cells ER is enveloping the tight fusion parts of mitochon-
dria and the cytoskeleton is supporting the mitochondria-mitochondria
contact (Logan, 2010) and may thus stabilize the mitochondrial fusion
and networking process. The tight mitochondrial-ER relationship may
enable Ca®" signaling between the two organelles and may thus be
important for maintenance of an active physiological status and thus for
survival (Pizzo and Pozzan, 2007). A similar additional function in ionic
exchange might be attributed to the structural connections between
mitochondria and membrane balls in Micrasterias (see above). ER-mi-
tochondria contacts were also reported in neurodegenerative disease
such Parkinson, Alzheimer’s disease or dementia (Krols et al., 2016;
Vannuvel et al., 2013). In yeast and mammalian cells, molecular re- and
interactions between ER and mitochondria are well known for fusion as
well as for fission/fragmentation of mitochondria (de Brito and
Scorrano, 2010; Phillips and Voeltz, 2016).

Our study shows that mitochondrial fusion and formation of pro-
tuberances of the outer mitochondrial membrane are not only induced
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by elevated levels of KCl. Other ionic stressors such as NaCl or CoCl,
induce the same process and even non-ionic stressors such as different
diseases result in similar mitochondrial alterations (Choi et al., 2014;
Curley et al., 2014).

Within a particular concentration range and duration of treatment,
the respiratory potential was maintained during KCl treatment in
Micrasterias and Lemna when compared to controls. When concentra-
tions were increased and the exposure time was prolonged, photo-
synthesis and particularly respiration decreased until the organisms
were no longer viable (see this study and also Affenzeller et al., 2009a).
This indicates that formation of mitochondrial fusion seems to con-
tribute to maintain the respiratory activity, possibly by interconnecting
the respiratory chains of the individual mitochondria and by enhancing
the buffer capacity against ionic imbalance induced by the stressors.
Analytical electron microscopy such as electron energy loss spectro-
scopy (EELS) or X-ray analyses (EDX) could be helpful for getting in-
sight into details of salt stress induced changes in intracellular ionic
distribution in future investigations.

In summary this study provides evidence that mitochondria of plant
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cells fuse to local networks under different stress conditions which may
be either formed via membrane protuberances or by direct fusion of
mitochondria. As similar processes have been reported in plant and
animal cells during stress and disease we assume that network forma-
tion of mitochondria can be regarded as a ubiquitous stress response.
Fusion of mitochondria to large networks may help the organism to
cope with the stress situation, by maintaining one of the most important
vital functions, namely respiration.
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Summary

Blood platelets are critical for hemostasis and thrombosis and play diverse roles during
immune responses. Despite these versatile tasks in mammalian biology, their skills on a
cellular level are deemed limited, mainly consisting in rolling, adhesion, and aggregate
formation. Here, we identify an unappreciated asset of platelets and show that adherent
platelets use adhesion receptors to mechanically probe the adhesive substrate in their local
microenvironment. When actomyosin-dependent traction forces overcome substrate
resistance, platelets migrate and pile up the adhesive substrate together with any bound
particulate material. They use this ability to act as cellular scavengers, scanning the vascular
surface for potential invaders and collecting deposited bacteria. Microbe collection by migrating
platelets boosts the activity of professional phagocytes, exacerbating inflammatory tissue
injury in sepsis. This assigns platelets a central role in innate immune responses and identifies
them as potential targets to dampen inflammatory tissue damage in clinical scenarios of severe
systemic infection.
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SUMMARY

Blood platelets are critical for hemostasis and
thrombosis and play diverse roles during immune
responses. Despite these versatile tasks in
mammalian biology, their skills on a cellular level
are deemed limited, mainly consisting in rolling,
adhesion, and aggregate formation. Here, we iden-
tify an unappreciated asset of platelets and show
that adherent platelets use adhesion receptors to
mechanically probe the adhesive substrate in their
local microenvironment. When actomyosin-depen-
dent traction forces overcome substrate resistance,
platelets migrate and pile up the adhesive substrate
together with any bound particulate material. They
use this ability to act as cellular scavengers, scan-
ning the vascular surface for potential invaders
and collecting deposited bacteria. Microbe collec-
tion by migrating platelets boosts the activity of pro-
fessional phagocytes, exacerbating inflammatory
tissue injury in sepsis. This assigns platelets a cen-
tral role in innate immune responses and identifies
them as potential targets to dampen inflammatory
tissue damage in clinical scenarios of severe
systemic infection.

1368 Cell 171, 1368-1382, November 30, 2017 © 2017 Elsevier Inc.

INTRODUCTION

Approximately 750 billion platelets circulate in human blood,
constantly scanning the vasculature for damage of the endothe-
lial surface. Upon encountering endothelial injury or inflammation,
platelets are immediately recruited in a well-characterized
cascade of events, including initial platelet tethering and rolling,
followed by platelet activation, adhesion, and spreading,
eventually leading to fibrin(ogen)-dependent aggregation and
subsequent thrombus retraction (Jackson, 2011; Brass et al,,
2005). Once recruited from the blood stream, platelets are
considered sessile, attaching firmly and spreading on whatever
subendothelial matrix or plasma protein they first encounter.
This is consistent with the view that anucleate platelets, unlike
most other blood cells, are unable to migrate.

Cell migration is critically involved in many physiological and
pathological processes, including embryonic development,
tumor metastasis, and immune responses. Cell migration on
adhesive surfaces involves repetitive cycles of four major
sequential steps: (1) extension of a protrusion (leading edge);
(2) adhesion to a substrate; (3) contraction of the cytoplasm;
and (4) release from contact sites (Lauffenburger and Horwitz,
1996). These cycles both require and maintain morphological
polarization, often characterized by a steering leading edge
lamellipodium and a trailing cell body. Quantitative morpho-
metric analyses revealed that leading edge morphology
mainly depends on actin polymerization coupled to cell matrix
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adhesion assembly, whereas the trailing edge of a migrating cell
is largely shaped by myosin-lla-mediated contraction and adhe-
sion disassembly (Barnhart et al., 2011; Yam et al., 2007). Both
processes have to be tightly coordinated to generate traction
force and forward movement; their balance determines overall
cell shape and speed (Gupton and Waterman-Storer, 2006).
Even though platelets are considered to be stationary cells
once recruited from the circulation, they possess all molecular
assets required for cell migration (Bettex-Galland and Luescher,
1959). Correspondingly, earlier studies proposed that platelets
have the capacity to undergo locomotion (Lowenhaupt et al.,
1973; Feng et al., 1998; Pitchford et al., 2008; Kraemer et al.,
2010). However, the existence of active platelet migration has
not been established on a cell biological level. In particular,
whether autonomous platelet migration occurs in a physiolog-
ical context in vivo and serves a biological function has not
been demonstrated.

Whereas platelets are classically recognized for their major
role in hemostasis and thrombosis (Jackson, 2011), they also
evolved a large variety of non-hemostatic, mainly immunologic
functions (Semple et al., 2011; Yeaman, 2014). Platelets are
among the first cells recruited to sites of inflammation and infec-
tion and play an essential role in initiating intravascular immune
responses (Wong et al., 2013). Accordingly, platelets coordinate
the recruitment of a variety of immune cells and instruct them
with their effector programs (Sreeramkumar et al., 2014; Guidotti
et al., 2015). Platelets also have the ability to directly fight path-
ogens by releasing anti-microbial mediators and/or physically
trapping and encapsulating invaders, thus preventing dissemi-
nation with the blood flow (Yeaman, 2014; Wong et al., 2013).
Importantly, most of these platelet effector functions require
the formation of tight platelet-pathogen interactions. To fully
understand how platelets execute their immunologic functions,
it is therefore essential to develop a better picture of how these
interactions are regulated on a cell biological level. Here, we
identify platelet migration as an autonomous platelet function
and show that migration of single platelets enables them to
collect and bundle bacteria and to boost neutrophil activation.

RESULTS

In Vivo Tracing of Single Platelets at Sites of Vascular
Injury and Inflammation Reveals Unidentified Patterns

of Motility

To study the fate of individual platelets at sites of vascular injury
and inflammation, we generated a multicolor platelet reporter
mouse (Figures S1A and S1B) by crossing PF4-Cre and R26R-
Confetti mice, which permitted us to track individual platelets
with unique single-cell contrast using intra-vital two-photon
(2P-IVM) microscopy in a needle- and a laser-injury model (Fig-
ures 1A, 1B, and S1C). Using single-cell resolution analysis, we
observed a fraction of adherent platelets in the periphery of the
injury (Figure S1D), which remained motile and rearranged its po-
sition independent of the collective retraction within the
thrombus, suggesting autonomous motility (Figures 1C and
S1E; Movie S1). The mean velocity of these platelets was signif-
icantly lower and migration paths were less straight compared
to platelet rolling and retraction (Figures 1C-1H and S1F).

The directionality was independent of blood flow, and platelets
were able to migrate against the blood stream, indicating an
active process rather than passive translocation (Figure 1E).
Platelet migration is independent of clot retraction (Auger and
Watson, 2008; Ono et al., 2008), because tracks of migrating
platelets were not directed toward the centroid of injury (Figures
1D and 1F). Platelet motility was also not influenced by migrating
leukocytes (Sreeramkumar et al., 2014), because it was not
affected when we depleted leukocytes prior to experiments
(Figures S1G and S1H).

Spreading Platelets Are Motile and Have a

Polarized Shape

To address the mechanistic basis of platelet migration, we
mimicked the physiological microenvironment of vascular injury
and inflammation in vitro by adding mouse or human-platelet-
rich plasma (PRP) to coverslips precoated with subendothelial
fibrillar collagen and plasma (Figure S2A). Platelets that encoun-
tered immobilized collagen fibers immediately started to spread
and recruited additional platelets from the supernatant, forming
immotile micro-aggregates. In contrast, spreading platelets
that did not contact collagen fibers rearranged their morphology
and became motile (Figure S2A). Initiation of motility was associ-
ated with a characteristic change in platelet morphology (Fig-
ure 2A). Spreading platelets showed a fried-egg-like shape
with high circularity (aspect ratio =1). Platelets then polarized
by protruding one side of the lamellipodium and simultaneously
retracting the opposite side. During this process, the pseudonu-
cleus moved from the center to the rear of the platelet. At the
same time, the now-migrating platelet adopted a half moon
shape reminiscent of highly motile fish keratocytes (Keren
et al.,, 2008), resulting in an increase of the aspect ratio to
approximately 2 (Figure 2B; Movie S2). We found this to be the
characteristic phenotype of persistently migrating platelets (Fig-
ures 2B and S2B). Migration and shape changes were resistant
to shearing flow at arterial velocities, and platelets were able to
migrate against flow direction, further indicating a cell-autono-
mous, active process (Figure S2C).

In most eukaryotic cells, shape change and maintenance are
active cellular processes requiring assembly and disassembly
of actin filaments (Pollard and Cooper, 2009). Consequently,
when we inhibited actin polymerization, platelets immediately
stopped migrating followed by a loss of polarization and a
decrease in the projected platelet area (Figures 2C, 2D, and
S2D; Movie S2). Loss of platelet polarization mainly resulted
from loss of leading edge lamellipodia, indicating that migration
depends on branched lamellipodial actin networks. Indeed, inhi-
bition of actin branching abrogated platelet migration (Figure 2E).
Hence, platelet locomotion is an active process initiated by a
cascade of morphological changes that depend on branched
lamellipodial actin networks.

Migration on Plasma Proteins Requires Platelet
Activation and Depends on o33 Integrin Ligation and
Substrate Adhesiveness

Interestingly, platelet migration was only observed when plate-
lets were not in direct contact with collagen fibers (Figure S2A).
Besides mediating platelet adhesion, collagen is known to
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(A) Confocal sections of spreading PF4-Cre/R26R-Confetti platelets.
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(legend continued on next page)
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trigger the release of secondary platelet mediators. Hence, we
hypothesized that migration of platelets requires paracrine prim-
ing through soluble mediators released by platelets interacting
with collagen. To test this, we examined platelet migration on
collagen-free coverslips in the presence of supernatant
from either collagen-activated or resting platelets (see STAR
Methods). Supernatant from collagen-activated platelets, but
not from resting platelets, promoted platelet migration (Fig-
ure S3A). Pretreatment with indomethacin and apyrase to inhibit
paracrine signaling via TXA2 and ADP, the two major agonists
released by collagen-activated platelets, significantly attenuated
the effect of platelet supernatant on migration (Figures S3A and
S3B). On the other hand, ADP and U46619 induced platelet
migration in the absence of supernatant from collagen-activated
platelets (Figure 3A; Movie S3). This suggests that platelet acti-
vation by the soluble mediators ADP and TXAZ2 is both sufficient
and required to trigger and maintain platelet migration.
Leukocytes use integrin-mediated adhesion when migrating
over vascular surfaces (Nourshargh et al., 2010). Platelets also
carry several integrin receptors, including «llbf3 integrin, which
promotes platelet spreading upon activation by agonists, such
as ADP and TXA2 (Nieswandt et al., 2002). We found activated
allbB3 integrin distributed in clusters along the lamellipodium
during migration (Figure 3B). When we incubated migrating
platelets in the presence of soluble linear H-Arg-Gly-Asp-Ser-
OH (RGDS) peptides, which block RGD binding to B integrins,
the number of spreading, lamellipodium-forming platelets was
significantly reduced with a decrease in both mean platelet
area and aspect ratio (Figures S3C and S3D). At the same
time, platelet migration was virtually abolished (Figure S3D).
The few platelets that still managed to migrate in the presence
of RGDS did so only for short durations (Figure S3D). To address
whether allbB3 integrin directly mediates migration or rather
supports migration indirectly by inducing platelet spreading,
we allowed human platelets to first spread and migrate before
adding C7E3-Fab, the B3 integrin-specific blocking Fab frag-
ment. Upon C7E3-Fab exposure, platelets immediately stopped
migrating while initially maintaining their spread morphology
(Figures 3C and 3D). In contrast, specific inhibition of av(3
(LM609), the second platelet integrin comprising the B3 subunit,
had no effect on either spreading or migration (Figure S3E). allb
integrin-deficient mouse platelets and human platelets from a
patient with Glanzmann thrombasthenia expressing defective
allbB3 integrin, adhered to immobilized plasma by developing
filopodia rather than the usual lamellipodia. Consequently, these
platelets neither showed spreading nor migration (Figures S3F
and S3G). In contrast, platelets from mice lacking B1 integrins
or GPlba, the two other major platelet adhesion receptors,
spread and migrated normally (Figure S3F). This identifies a

critical and direct involvement of allbp3 integrin in the process
of platelet migration.

Because fibrinogen is the physiological ligand of allbf3
integrin and was highly enriched in the 15-nm-thick layer of
immobilized blood plasma (Figure S3H), we addressed whether
fibrinogen is sufficient to promote platelet migration. Fibrinogen
alone induced robust spreading, but not migration of platelets
(Figure S3I), indicating the requirement for additional plasma
components. Indeed, migration was reconstituted when we
added serum to purified fibrinogen (Figure 3E). In terms of
platelet morphology, the increase in migration was paralleled
by an increase in platelet polarization (aspect ratio) and in mem-
brane ruffles at the leading edge (measured by the normalized
curvature; Figure 3F; Movie S3). By systematic analysis of serum
fractions in terms of their impact on both platelet migration and
morphology (Figure S3J), we identified albumin and calcium as
the two additional serum components required for characteristic
platelet shape change and migration on fibrinogen (Figures 3G,
3H, and S3K-S3Q). Whereas immobilized albumin likely lowers
substrate adhesiveness of fibrinogen (Figure S3R; Park et al.,
1991) and thus induces membrane ruffling (Borm et al., 2005;
affecting normalized curvature; Figures S3L, S30, and S3Q),
the presence of free calcium is required for platelet polarization
(affecting aspect ratio; Figure 3H; Movie S3). Consequently, at
physiological conditions (in the presence of calcium-rich serum),
migration and shape of activated platelets was ultimately
determined by the adhesiveness of the substrate (Figures 3l
and S3S-S3U).

Extracellular Calcium Mediates the Switch from
Spreading to Migration by Myosin-lla-Dependent
Trailing Edge Formation

Intracellular calcium levels play a fundamental role in the control
of platelet function (Varga-Szabo et al., 2009) and the polariza-
tion of migrating cells (Brundage et al., 1991). We therefore
tested whether extracellular calcium supports migration by con-
trolling intracellular calcium oscillations. In calcium-free buffer,
spreading platelets remained sessile while showing only minimal
intracellular calcium oscillations. In contrast, amplitudes
increased 8-fold in the presence of extracellular calcium and
platelets became polarized and started to migrate (Figure 4A;
Movie S4). Depletion of intracellular calcium by BAPTA-AM
significantly reduced platelet migration without affecting platelet
spreading (Figure 4B; Movie S4). Elevation of intracellular cal-
cium has been shown to control migration through activation
of myosin lla, generating contractile forces necessary for rear
retraction and adhesion release (Lee et al., 1999). We found acti-
vated myosin lla mainly localized at the trailing edge of migrating
platelets (Figure 4C). The activity of myosin lla depends on

(C) Needle injury of ear microcirculation. Arrowheads, migrating platelet; white lines, migration paths.

(D) Speed and straightness (Euclidean distance/accumulated distance) of rolling, retracting, and migrating platelets. Directionality = forward migration index
(FMI). Each dot represents a single platelet. Rolling: n = 30 pooled from 4 mice; retraction: n = 115 pooled from 2 mice; migrating: n = 27 pooled from 11 mice.
Red bars, mean; Kruskal-Wallis/Wilcox; **p < 0.01; LI, laser injury (blue); NI, needle injury (green); n.s., not significant; SHG, second harmonic generation.

(E and F) Directionality plots of migrating platelets (pink circle, injury, E; pink arrow, blood flow, F).

(G) Platelet rolling in vivo following needle injury (2P-IVM; pink arrow, blood flow).

(H) Clot retraction in vivo following laser injury (2P-IVM). Vector maps are overlaid (white arrows); heatmaps show retraction speed.

The scale bars represent 10 um. See also Figure S1 and Movie S1.
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Figure 2. Platelets Actively Migrate by Adopting a Characteristic Shape

(A) (Upper) Initiation of migration. During polarization, the pseudonucleus (arrowheads) is relocated to the trailing edge. (Lower) Color-coded time sequence
of platelet outlines is shown. Rear retraction is faster than front protrusion, resulting in an increased aspect ratio. Morphological parameters (aspect ratio
[width/height] and area) and centroid velocity were continuously recorded.

(B) Polarized, migrating platelets and spreading, non-migrating platelets have a distinct shape. Smooth density histograms displaying area and aspect ratio
(x axis) as a density function (y axis) are shown; Wilcox test; **p < 0.01.

(C) Platelet migration depends on actin polymerization. (Upper) Differential interference contrast (DIC) time series before and after cytochalasin D treatment.
(Lower left) Color-coded platelet outlines (time) and corresponding kymograph show immediate stop of platelet migration (arrow) and subsequent shrinkage of
the lamellipodium. (Lower right) Tracing of aspect ratio, area, and centroid velocity over time is shown.

(D) Quantification of platelet migration before and after CytoD treatment. n = 5 experiments; mean + SEM; paired t test. The scale bars represent 5 um.

(E) Phase contrast micrographs from platelets treated with CK666 (50 uM) and control (CK689; 50 uM). Membrane roughness measured by the normalized
curvature of platelet contours is shown (CK666: n = 67; CK689: n = 53; smooth density histograms displaying normalized curvature [x axis] as a density function
[y axis]; percentage of migrating platelets was quantified; n = 5 experiments; mean + SEM); Student’s t test; “p < 0.05; **p < 0.01.

See also Figure S2 and Movie S2.
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myosin light chain phosphorylation (pMLC) and is regulated by
calcium-dependent myosin light chain kinase (MLCK) (Yang
and Huang, 2005). Platelet pMLC levels were significantly higher
in the presence of calcium compared to a calcium-free microen-
vironment or after intracellular calcium depletion (Figure 4D).
Inhibition of myosin-lla-mediated contraction with blebbistatin
had no impact on platelet spreading but dose dependently pre-
vented migration (Figure 4E; Movie S5). Population-based
morphology analysis revealed significantly increased aspect
ratios of blebbistatin-treated platelets, suggesting that platelets
still polarize (Figure 4F). Correspondingly, single-cell analysis
showed that blebbistatin-treated platelets become elongated
but are unable to move their trailing edge (Figures 4G and
S4A). Platelets from PF4-Cre+/MYH9™" mice that have a severe
reduction in myosin expression in the megakaryocytic lineage
(Léon et al., 2007) revealed a similar migration defect both
in vitro and in vivo (Figures 4H-4J and S4B; Movie S5). Thus,
myosin-lla-dependent platelet contractility generates traction
forces that overcome the adhesive forces of the substratum,
eventually leading to autonomous locomotion (Figure S4C).

Migrating Platelets Act as Mechano-scavengers

We were interested whether the mechanical forces generated by
myosin contractions contribute to adhesion release by disrup-
tion of cytoskeletal-to-integrin or of integrin-to-substrate bonds
or rather by removal of the integrin-bound substrate. Immunoflu-
orescent tracking of actin and allbp3 integrin revealed that only a
minor fraction of cytoskeleton components and/or integrins are
ripped off the rear of migrating platelets (Figure S5A). In contrast,
migrating platelets efficiently removed fibrinogen from the
surface, a process depending on allbB3 integrin ligation and
actomyosin contraction (Figures 5A-5E, S5B, and S5C; Movie
S6). Covalently bound fibrinogen remained attached to the sur-
face, confirming that removal is mechanical and does not involve
proteolysis (Figure 5F). Once removed, fibrinogen is transported
toward the center (pseudonucleus) of migrating platelets remain-
ing on the platelet surface, mainly within invaginations of the
open canalicular system (OCS) (Figures 5G and S5D; Movie
S6). Because fibrinogen forms insoluble fibrin polymers at sites
of vascular injury and inflammation in vivo (Prasad et al., 2015),
we performed platelet migration assays in the presence of
immobilized fibrin strands. Platelets efficiently migrated on and
removed and accumulated large fibrin fibers, indicating that

both migration and migration-dependent ligand removal is not
restricted to soluble fibrinogen molecules (Figures S5E-S5G;
Movie S6). Indeed, migrating platelets even collected larger-
sized latex particles bound to the fibrin(ogen) matrix (Figures
5H and 5I; Movie S6). Thus, migrating platelets act as mechano-
sensors that probe the mechanical resistance of their local
microenvironment. The high contraction and adhesive forces
generated by individual platelets (Lam et al., 2011) couple
migration to efficient mechanical scavenging of bound objects
(Figures 5H-5J).

Migrating Platelets Bind and Collect Bacteria
Platelets are among the first cells recruited to sites of tissue
injury. Besides their crucial role in forming blood clots and
preventing severe bleeding, platelet activation within injured
and inflamed tissues also provides a first line of defense against
potential pathogenic invaders (Yeaman, 2014). We thus hypoth-
esized that the scavenging function of single migrating platelets
may boost the ability of platelets to fight infection. Because
platelets possess bactericidal and phagocytic-like activities
(Yeaman, 2014; White, 2005), we examined their ability to
migrate and collect fibrin-bound bacteria using live-cell micro-
scopy. Similar to the latex particles, different species of bacteria
(Escherichia coli, Staphylococcus aureus, and Listeria monocy-
togenes) were readily collected and accumulated at the pseudo-
nucleus together with fibrin(ogen)-forming bundles of more than
3 bacteria (>20 pm?; Figures 6A-6C and S6A-S6C; Movie S7).
Platelet-bound bacterial bundles were more resistant to shear
stress, accomplishing efficient bacterial trapping (Figure 6D).
MYH9-deficient platelets were significantly less effective in
collecting, bundling, and containing fibrin-bound bacteria due
to their inability to migrate (Figures 6D, 6E, S6C, and S6D).
Next, we infected mice systemically with Escherichia coli
(E. coli) to address whether platelets also form bacterial bundles
in vivo. E. coli sepsis causes fibrin formation in various organs,
including the liver (Massberg et al., 2010) and triggers the recruit-
ment of bacteria and individual platelets to the hepatic microcir-
culation (McDonald et al., 2012; Figures S7A-S7C). Recruited
platelets remained motile in vivo and migrated several microns
independent of leukocytes (Figures 7A, 7B, S7D, and S7E; Movie
S7). Autonomously migrating platelets were significantly slower
than platelets bound to leukocytes, reaching migration speeds
comparable to those found in vitro and at sites of vascular injuries

Figure 3. Platelet Migration on Plasma Proteins Requires Platelet Activation and Depends on o,,B3 Integrin Ligation and Substrate

Adhesiveness

(A) DIC time series of migrating platelets in the presence of ADP and TXA2 (left); n = 4 experiments; error bars, SEM; ANOVA/Tukey honestly significant

difference (HSD).

(B) Confocal sections of spreading and migrating human platelets. Actin (phalloidin, red) and activated «llbp3 (PAC1, green).

(C) (Upper) DIC time series. After treatment with C7E3-Fab (15 min), platelets immediately stopped migrating (black dashed line) and only started to shrink with a
lag time of =60 s. (Lower) Platelet outline is shown (color code: time). The kymograph highlights the immediate stop of migration after treatment (pink arrow),
whereas leading edge shrinkage followed with a temporal delay. Measurements of leading edge speed and platelet area further revealed this temporal delay of

lamellipodium shrinkage as indicated by the width of the pink bar.

(D) Percentage of migration before and after treatment; n = 3 experiments; mean + SEM; paired t test.
(E and G) Migration quantified for indicated treatments (in the presence of 150 pg/mL fibrinogen). Platelets were pooled from n = 4 (E) or n = 3 (G) experiments;

mean + SEM; ANOVA/Tukey HSD.

(F and H) Platelet shapes and density histograms are shown for different concentrations of serum (F) and calcium (H). Kruskal-Wallis/Wilcox.
(I) Migration quantified for indicated fibrinogen concentrations (in the presence of 1,500 ug/mL serum); n = 4 experiments; mean + SEM; ANOVA/Tukey HSD.

*p < 0.05; **p < 0.01. See also Figure S3 and Movie S3.
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in vivo (Figures 1F, 2, and 7B). Importantly, motile platelets inter-
acted with E. coli bound to the luminal aspect of sinusoids,
resembling the collecting behavior observed in vitro (Figures 7A
and 7C; Movie S7). Next, we analyzed platelet-bacteria interac-
tions in PF4-Cre+/MYH9™" mice showing impaired platelet
migration. Four hours after infection, platelet recruitment to the
liver was not significantly altered in PF4-Cre +/MYH9™" compared
to control mice. Hence, the previously reported mild reduction in
the capacity to activate integrins in MYH9-deficient mice has no
impact on platelet adhesion to infected liver sinusoids (Léon et al.,
2007; Figures 7D and S7F). Correspondingly, hepatic platelet
adhesion was also unaffected by loss of integrin allb (Figure S7G).
Similar amounts of bacteria were recruited to the liver in wild-
type, PF4-Cre+/MYH9™" or alib-deficient mice and bound to
platelets with or without defect in migration (Figures 7D, S6D,
and S7G). However, the fraction of large E. coli bundles
(>20 um?) associated with platelets was significantly reduced in
mice with defective platelet migration (PF4-Cre+/MYH9™" and
allb-null mice) compared to controls (Figures 7D, S7F, and
S7G). We excluded reduced blood platelet counts as a reason
for defective platelet bundling in PF4-Cre+/MYH9™" mice (Léon
et al., 2007; Figure S7I). Together, this shows that migrating
platelets also collect and bundle bacteria in vivo. This is not
restricted to E. coli, because we obtained similar results with a
clinically important methicillin-resistant Staphylococcus aureus
(MRSA) isolate (USA 300; Figures 7E, S7H, and S7I).

We then evaluated whether bundling by migrating platelets
facilitates bacterial kiling. Whereas activated platelets can
directly kill MRSA in the absence of immune cells, their bacteri-
cidal activity depends on platelet secretion (Ali et al., 2017), but
not platelet migration or the formation of bundles (Figure S7J).
Rather than promoting direct killing, microbe collection by
migrating platelets boosts the activity of professional phagocytes.
By time-lapse microscopy, we observed in vitro that migrating
polymorphonuclear neutrophils (PMNs) slow down, arrest (Fig-
ure S7K; Movie S7), and engage in phagocytosis (Figure S7L;
Movie S7) once they encounter bacterial bundles formed by
migrating platelets. During this process, PMNs reveal increased
intracellular calcium oscillations (Figure S7M; Movie S7). They
also release neutrophil extracellular traps (NETs) (Figure S7N),
reflecting PMN activation at sites of platelet-bacteria bundles.
Inhibition of platelet migration and bacterial bundling by
genetically removing MYH9 diminishes the formation of NETs
(Figure S7N). We further show in vivo that bundling of bacteria

by migrating platelets also promotes activation of PMNs upon
infection with MRSA. PMNs interact with platelet-bacteria bun-
dles, form multicellular Ly6Gpve aggregates, and release NETs
in hepatic microvessels of MRSA-infected mice (Figure S70).
Aggregate formation and NETosis are significantly reduced in
PF4-Cre+/MYH9™" mice, indicating that collection and bundling
of bacteria by migrating platelets supports these processes
(Figures 7F-7H, S7P, and S7Q). MRSA survives intracellularly
upon phagocytosis and triggers neutrophil-induced cytolysis,
leading to a dramatic and often deadly increase in neutrophil-
driven inflammation (Greenlee-Wacker et al., 2015). Consistent
with the hepatotoxic effect of NETs (Kolaczkowska et al., 2015),
abrogation of platelet migration not only reduced neutrophil acti-
vation and NETosis but also attenuated liver damage, whereas
clearance of MRSA from the liver was not affected (Figures 71,
7J, and S7R). Consequently, PF4-Cre+/MYH9™" mice yielding
defective platelet migration and collection of bacteria derived
protection in the early course of lethal MRSA sepsis (Figures 7K
and S7S).

DISCUSSION

Previous studies reported that platelets recruited to vascular
injuries (Lowenhaupt et al., 1973) or sites of inflammation can
change their position (Pitchford et al., 2008; Kraemer et al.,
2010). However, direct in vivo evidence of autonomous platelet
locomotion was lacking and fundamental questions regarding
the underlying mechanisms remained unaddressed. This has
resulted in a general skepticism as to whether true autonomous
migration of platelets exists in the mammalian organism.
Non-mammalian vertebrates, including birds, have nucleated
thrombocytes (Belamarich et al., 1966). However, this property
has not been conserved during the evolution of specialized
mammalian platelets, which are released as cytoplasmic frag-
ments from megakaryocytes and no longer possess a nucleus.
Consequently, the ability of mammalian platelets to migrate is
linked to the fundamental question of whether cells can migrate
despite the absence of a nucleus. The nucleus is important for
de novo transcription, and its removal has originally been asso-
ciated with impaired motility in amoebae (Clark, 1942). Mean-
while, however, experimentally derived enucleated cytoplasmic
fragments of protozoan and metazoan cells have been shown
to migrate without considerable impairment, indicating that the
essential machinery driving locomotion is positioned within the

Figure 4. Extracellular Calcium Mediates the Switch from Spreading to Migration by Myosin-lla-Dependent Trailing Edge Formation

(A) Fura ratios (340 nm/380 nm) of platelets in the presence (200 M) or absence of extracellular calcium.

(B) Spreading and migration of BAPTA-AM (10 uM) pre-treated platelets; n = 3 experiments; mean + SEM; ANOVA/Tukey HSD.

(C) Immunofluorescence of phalloidin-rhodamine (red) and anti-pMLC (green). Migrating, pMLC relocates to the trailing edge; spreading, concentric distribution

of actin and pMLC. The scale bar represents 5 um.

(D) Reduced pMLC (Ser19) after depletion of intracellular calcium or removal from the extracellular space; n = 3 experiments; mean + SEM; Student’s t test.
(E) Spreading and migration after Blebbistatin treatment; control, inactive enantiomer (50 uM); n = 5 experiments; mean + SEM; ANOVA/Tukey HSD.

(F) Shape analysis. Data are pooled from n = 5 experiments; Kruskal-Wallis/Wilcox.

(G) DIC time series of a Blebbistatin-treated platelet. Note the functional dissociation of front and back resulting in platelet elongation.

(H) Spreading and migration of wild-type (WT) (PF4-Cre—/MYH9"™ and MYH9—/— (PF4-Cre +/MYH9™") platelets; n = 5 mice; mean = SEM; ANOVA/Tukey HSD.
(I) 2P-IVM of WT and MYH9—/— platelets competitively transfused into PF4-Cre/R26R-Confetti mice. White arrows, blood flow; white lines, migration paths.
(J) WT and MYH9—/— platelets were equally recruited to injuries (MYH9/WT ratio). Clot retraction was unaffected and independent of the staining procedure.
Mean accumulated distances of motile platelets are shown; migration was independent of platelet labeling (see Figure S4B); n = 5 mice; bar, mean; paired t test.
*p < 0.05; **p < 0.01; scale bars, 5 um. Also see Figure S4 and Movies S4 and S5.
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Figure 5. Migrating Platelets Probe and Clear Their Microenvironment

(A) Phase contrast/epifluorescence time series showing removal of fibrinogen (Alexa 488 labeled) during migration.

(B) Centripetal fibrinogen removal mainly occurs at the rear and is blocked by inhibition of allbp3 integrins (C7E3; 10 pg/mL; n = 5), actin (cytochalasin D; 2 pM;
n = 5), and myosin lla (Bleb(—); 50 uM; n = 3).

(C-F) Percentage of migrating platelets and area of fibrinogen removed per platelet were quantified. (C and D) Inhibitor-treated human platelets are shown
(n = 3-5). (E) PF4-Cre+/MYH9™", allb—/—, and control (bl6) mice are shown (n = 3 mice). (F) Human platelets migrating on covalently bound fibrinogen are
shown (n = 4 experiments); At, recording time; mean + SEM; ANOVA/Tukey HSD/Student’s t test. *p < 0.05; **p < 0.01; scale bar, 5 pm.

(G) (Upper left) SEM of platelets migrating on 10-nm-gold-labeled fibrinogen; scale bar, 2 pm. (Upper right) 3D reconstruction of a platelet-pseudonucleus
(arrowhead) is shown; scale bar, 500 nm. (Lower) Longitudinal section (FIB-SEM) of the same platelet is shown. Gold-labeled fibrinogen (arrowheads) is localized
on the platelet surface and within the open canalicular system (OCS) (arrow); scale bar, 100 nm.

(H) Platelet-scavenging fibrinogen-bound beads (1 um); scale bar, 5 um.

() (Upper left) Migrating platelets collect fibrinogen-trapped latex beads (200 nm; SEM); scale bars, 2 pm/200 nm. (Upper right and lower panel) FIB-SEM is
shown: beads accumulate on the platelet surface (arrowhead); scale bar, 200 nm.

(J) Migrating platelets scavenge their microenvironment.

Also see Figure S5 and Movie S6.

cytoplasm and does not necessarily depend on a nucleus (Eute-  we show here persistent migration of single platelets in vitro
neuer and Schliwa, 1984). Therefore, in theory, the platelet asa andinvivo, providing direct evidence for anucleate cell migration
terminally differentiated anucleate cell fragment containing all  under physiological conditions in mammals, a phenomenon of
contractile elements necessary for locomotion should also be potential relevance beyond platelet biology (Yount et al., 2007;
able to migrate (Bettex-Galland and Luescher, 1959). Indeed, Yipp et al., 2012). Previous studies showed that platelet motility
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Figure 6. Migrating Platelets Collect and Bundle Bacteria

(A) Epifluorescence micrographs of E. coli (tdTomato) before (0 min) and after (80 min) platelet migration (yellow tracks). (Right) Platelet collecting E. coli is shown
(highlighted in magenta). The scale bar represents 5 um.

(B) SEM of E. coli accumulating on the platelet surface. (Lower) Fibrin-trapped bacteria (arrowhead) collected by a migrating platelet at higher magnification are
shown. The scale bars represent 5 um/1 um.

(C) (Upper left) DIC and epifluorescence of a platelet collecting fibrin-trapped E. coli (magenta, tdTomato; green, fibrin-Alexa-488-10 nm-gold); scale bar, 5 um.
(Right) 3D-rendered FIB-SEM stack of the same platelet is shown; scale bar, 1 um. (Lower) Longitudinal FIB-SEM section is shown. E. coli (pink arrowheads)
accumulate at the platelet (blue arrowhead) surface; gold-labeled fibrin (yellow arrowheads) is localized on the platelet surface and within the OCS; scale
bar, 500 nm.

(D) Bacterial bundles are protected from shear stress (venous: 0.5 and 5 dyne/cm?; arterial: 50 dyne/cm?; for details, see STAR Methods); n = 6 experiments;
mean + SEM; Kruskal-Wallis/Wilcox; *p < 0.05; scale bar, 5 um.

(E) Quantification of platelet migration, fraction of E. coli collected, and fraction of E. coli bundles >20 um?2. n = 3 mice; mean + SEM; Wilcox test; *p < 0.05.

Also see Figure S6 and Movie S7.

requires intracellular calcium as well as actin polymerization,
suggesting an active process (Schmidt et al., 2011, 2012;
Kraemer et al., 2010). However, the biomechanical principles
underlying platelet migration still remain elusive. Initiation of
forward locomotion on 2D surfaces requires the transduction
of myosin-generated forces at adhesive sites, thus facilitating
their release (Lauffenburger and Horwitz, 1996). Consequently,
conditions where traction forces are dominated by adhesive
forces render platelets immobile. As such, most studies
analyzing platelet spreading and adhesion were performed on
highly adhesive substrates, likely impeding migration. The corre-
lation of adhesiveness and migration has systematically been
studied in different cell types (Palecek et al., 1997; Gupton and
Waterman-Storer, 2006), including cytoplasmic fragments
(Grebecka et al., 1997), but not in platelets. Here, we systemat-
ically analyzed platelet shape change and locomotion on immo-

1378 Cell 171, 1368-1382, November 30, 2017

bilized blood plasma components. Our study shows that
the balanced co-adsorption of pro-adhesive fibrinogen and
anti-adhesive albumin (Park et al., 1991) determines the ability
of the substratum to initiate and maintain polarization and integ-
rin-dependent locomotion of spread platelets.

We identified platelet migration as an active cell-autonomous
and physiological process at sites of vascular injury and throm-
bosis in vivo that is resistant to arterial shear forces. Whereas
platelet migration as a slow process is unlikely to contribute to
rapid thrombus formation, our data suggest a role during
thrombus reorganization and consolidation where the ability to
migrate may allow platelets to reposition within the lesion while
at the same time reorganizing the fibrin(ogen) network (Lam
et al., 2011). Our data illustrate that platelet aggregates are no
longer to be considered static but rather represent dynamic
structures constantly reorganizing due to platelet motility.
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Figure 7. Platelets Migrate at Sites of Infection In Vivo

(A) 2P-IVM of platelets (PF4-Cre/RSzgreen) and E. coli (tdTomato) in liver sinusoids. (Left) Overview image is shown; liver sinusoids were reconstructed from
tissue autofluorescence; (right) time series of migrating platelets. The scale bars represent 10 um.

(B) Autonomous platelet migration is distinct from passive leukocyte-mediated motility. Migration/adhesion was quantified in leukocyte-deficient animals
(depletion; anti-Ly6G/C clone: RB6-8C5). Leukocyte-dependent passive platelet motility was quantified in leukocyte-proficient animals (also see Figure S7E).
Adhesion: n = 14 (pooled from 2 mice); migration: n = 26 (pooled from 2 mice); leukocyte bound: n = 53 (pooled from 3 mice); red bars, mean; Kruskal-Wallis/
Wilcox; *p < 0.05.

(C) Platelets interact with and bundle E. coli in vivo. The scale bar represents 5 um.

(D) Platelet and bacteria recruitment and fraction of E. coli bundles >20 um? colocalizing with platelets were quantified in liver sections of septic leukocyte-
proficient mice (also see Figure S7H); n = 6 mice (PF4-Cre+/MYH9""-BM chimeras); mean + SEM; Student’s t test; *p < 0.05.

(legend continued on next page)
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Platelets are specialized sentinels of the circulation equipped
with a plethora of receptors allowing to respond and stick to
almost any surface foreign to human blood, including many path-
ogens. When spreading over small particles like fibrin fibers, latex
beads, or bacteria, platelets can fully cover these objects and
secure them within invaginations of their OCS, a continuous
invagination of the outer plasma membrane (White, 2005). The
observation that the distended portions of the OCS, which
contain engulfed objects, are not phagocytic vacuoles led to pro-
pose a “covercyte,” rather than a “phagocyte” function of plate-
lets (White, 2005). Here, we show that migrating platelets use
actomyosin-dependent forces to mechanically probe their micro-
environment. If an encountered object does not resist these pull-
ing forces, it is translocated toward the center of the migrating
platelet, remaining attached to the platelet surface or the OCS.
In the case of pathogens, this leads to the formation of stable bac-
terial packages at the platelet surface secured by the large acto-
myosin forces of individual platelets. Interestingly, platelet-bound
bacterial bundles resemble the structural organization of typical
platelet-dependent bacterial biofilms, as found in many infectious
diseases, such as infective endocarditis (Jung et al., 2012). Intra-
vascular immunity in invertebrates like Limulus horseshoe crabs
is largely established by migrating hemocytes that share common
features with mammalian platelets (Levin, 1988). Consequently, it
is tempting to speculate that platelets, the first cells sealing
vascular lesions in mammals, may have retained their ability to
migrate and to collect pathogens from these ancient amoebo-
cytes, thereby establishing the first line of host defense. Our
data therefore provide a mechanism supporting and further
explaining the previously proposed covercyte function of plate-
lets that was not fully understood at the cell biology level.

The liver microcirculation provides a unique vascular plat-
form, orchestrating several innate immune mechanisms acting
together to combat blood-borne infections (Jenne and Kubes,
2013). The dense network of Kupffer cells lining liver sinusoids
both efficiently captures bacteria from the circulation while at
the same time providing adhesion signals to recruit circulating
platelets (Wong et al., 2013). We now show that platelets
adherent to the liver vasculature actively migrate to scan their
microenvironment for bacteria, accumulating these pathogens
on their surface. At the same time, platelets provide an “adhe-
sion platform” for neutrophils (Sreeramkumar et al., 2014),
which interact and phagocytose platelet-bound bacteria
bundles. This leads to robust neutrophil activation and release
of NETs. Boosted neutrophil activation by migrating platelets
is detrimental in case of infection with MRSA, a pathogen
that survives intracellularly upon phagocytosis and leads to a

dramatic and often deadly increase in neutrophil-driven inflam-
mation (Greenlee-Wacker et al., 2015). Abrogation of platelet
migration reduces neutrophil activation and NETosis and atten-
uates tissue damage.

Together, evolution provided circulating blood platelets not
only to prevent blood loss after injury but also as an efficient
defense line to constantly scan the vascular system for potential
invaders. Once platelets are recruited to sites of bacterial infec-
tion, they start to migrate, which enables the collection and
bundling of bacteria and to recruit and activate professional
phagocytes. The orchestration of these two functions assigns
platelets a central role in innate immune responses and identifies
them as potential target to dampen inflammatory tissue damage
in certain clinical scenarios.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mouse strains
O Human blood donors
O Bacterial strains
O Culture of primary murine polymorphonuclear leuko-
cytes (PMNs)
e METHOD DETAILS
O Inhibitors and blocking antibodies
O 2P-IVM of wvascular injury and bone marrow
megakaryocytes
2P-IVM of liver microcirculation
Systemic infection with E.coli
Systemic infection with Staph. aureus (MRSA USA300)
Adoptive Transfer
Confocal imaging of platelets and megakaryocytes
Isolation and staining of human and murine platelets
Plasma and serum preparation
Preparation of platelet supernatants
Functionalization of coverslips and migration assay
Characterization of plasma coated surfaces
Time-lapse video microscopy
Flow chamber assay
Bacterial trapping experiment under flow
Platelet phagocytosis assay
Platelet tracking protocol

OO0OO0OO0O0O0O0OO0O0O0O0O0O0O0OO0O0

(E) Platelet and bacteria recruitment and fraction of MRSA bundles >8 pm? colocalizing with platelets were quantified in liver sections of septic leukocyte-
proficient mice (also see Figure S7I); n = 9/10 liver sections from 5 mice; mean + SEM; Student’s t test; *p < 0.05.

(F) NETosis was quantified in liver sections of septic mice (n = 3); mean + SEM; Wilcox test; “p < 0.05. The scale bar represents 10 um.

(G) Mosaic scans (each containing 3x3 stitched regions of interest (ROls); dashed line indicates stitching of liver sections show PMN forming aggregates. Scale

bar=50 pm. See also Figure S7P.

(H) Reduced PMN aggregate formation in PF4-Cre+/MYH9™" mice (n = 6); mean + SEM; Wilcox test; *p < 0.05. PF4-Cre+/MYH9™" mice have normal circulating
neutrophils counts. Control: n = 15 mice; MYH9—/—: n = 30 mice; mean + SEM; Wilcox test.

(I) Alanine aminotransferase (ALT) plasma levels are normalized to control. n = 4 mice; mean + SEM; paired t test; *p < 0.05.

(J) Colony-forming units (CFUs) of MRSA were measured in homogenized livers of septic mice (n = 5) 6 hr after infection; mean + SEM; Wilcox test.

(K) PF4-Cre+/MYH9"" are protected in the early course of lethal MRSA sepsis (n = 10 mice); mean + SEM; log rank test; *p < 0.05.

Also see Figure S7 and Movie S7.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-Integrin «Vp3 Antibody (clone LM609)
Rat anti-Ly6G/C (clone RB6-8C5)

Rat anti-CD45 (clone 30-F11)

Rat anti-CD42b (clone Xia.B)

Goat anti-E. coli serotype O/K polyclonal

Sheep anti-Human Fibrinogen polyclonal

Rabbit anti-Staphylococcus aureus
antibody polyclonal

Rabbit anti-Fibrinogen polyclonal

Rabbit anti-Von Willebrand Factor polyclonal
Rabbit anti-Fibronectin polyclonal

Mouse anti-CD41 (clone HIP8)

Mouse anti-CD41-FITC (clone PAC1)

Rabbit anti-Myosin Light Chain
(phosphor S20) polyclonal

Rabbit anti-Myosin Light Chain 2 (D18E2)
Anti-rabbit IgG, HRP-linked Antibody
Mouse anti-human IL-4R

Mouse anti-human IL-4R-PE

Rat anti-mouse Ly6G (clone 1A8)

Rabbit anti-mouseHistone H3
(citrulline R2 + R8 + R17)

Merck Millipore
eBioscience
eBioscience

Emfret

Thermo Fisher Scientific
BioRad

Abcam

Abcam
Abcam
Abcam
Abcam
BD

Abcam

Cell Signaling Technology
Cell Signaling Technology
R&D

R&D

Biolegend

Abcam

Cat#MAB1976; RRID: AB_2296419
RRID: AB_467730

RRID: AB_467251

Cat#MO043-0

RRID: AB_1074273
Cat#4440-8004; RRID: AB_620402
Cat#ab20920; RRID: AB_445913

Cat#ab34269; RRID: AB_732367
Cat#ab6994; RRID: AB_305689
Cat#ab2413; RRID: AB_2262874
Cat#ab15021; RRID: AB_301581
Cat#340507; RRID: AB_2230769
Cat#ab2480; RRID: AB_303094

Cat#8505

Cat#7074

Cat#MAB230

Cat#FAB230P

RRID: AB_1186104
Cat#ab5103; RRID: AB_304752

Bacterial and Virus Strains

Methicillin-resistant Staphyloccocus aureus (MRSA) Max von Pettenkofer-Institut Minchen N/A
(strain USA 300)

E.coli (strain DH12) Dr. Engelmann; Massberg et al., 2010 N/A
Listeria monocytogenes (strain 10403S) Dr. Verschoor N/A
Biological Samples

Human blood Healthy voluntary donors N/A

Chemicals, Peptides, and Recombinant Proteins

C7E3-Fab (Reopro)
Cytochalasin D
(-)Blebbistatin

BAPTA-AM

Prostaglandin I, sodium salt
Thrombin from bovine plasma
Lepirudin

PPACK

Equine collagen fibrils (type I)
Apyrase

Indomethacin

ADP

U46619

Lilly

Sigma

Cayman Chemical
Invitrogen

Abcam

Sigma

Schering

Enzo

Chrono Log

New England Biolabs
Sigma

Sigma

Tocris Biosience

CAS: 143653-53-6
CAS: 22144-77-0
CAS: 856925-71-8
Cat#B6769
CAS: 61849-14-7
CAS: 9002-04-4
CAS: 120993-53-5
CAS: 71142-71-7
Cat#385
Cat#M0398L
CAS: 53-86-1
CAS: 58-64-0
CAS: 56985-40-1
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Fibrinogen from human plasma Sigma CAS: 9001-32-5
Fibrinogen From Human Plasma, Thermo Fisher Scientific Cat#F13191
Alexa Fluor 488 Conjugate

Hexamethyldisilazane Sigma CAS: 999-97-3
Recombinant human albumin Sigma CAS: 70024-90-7
Casein Sigma Cat#C7078
Alexa Fluor 488 Streptavidin, 10 nm Thermo Fisher Scientific Cat#A32361
colloidal gold conjugate

FluoSpheres NeutrAvidin-Labeled Thermo Fisher Scientific Cat#F8774
Microspheres, 0.2 um

Fura-2, AM Thermo Fisher Scientific Cat#F1221
pHrodo Red S. aureus Bioparticles Thermo Fisher Scientific Cat#A10010
Conjugate for Phagocytosis

SYTOX Green Nucleic Acid Stain Thermo Fisher Scientific Cat#S7020

CK666

5(6)-Carboxyfluorescein diacetate
N-succinimidyl ester

Sigma
Sigma

CAS: 442633-00-3
CAS: 150347-59-4

Critical Commercial Assays

EZ-LinkSulfo-NHS-SS-Biotin kit Thermo Fisher Scientific Cat#21331
LIVE/DEAD BaclLight Bacterial Viability Kit Thermo Fisher Scientific Cat#L7007
Alanine Aminotransferase (ALT or SGPT) Biovision Cat#K752
Activity Colorimetric/Fluorometric Assay Kit
Experimental Models: Organisms/Strains
Mouse: PF4-Cre The Jackson Laboratory JAX: 008535
Mouse: R26R-Confetti The Jackson Laboratory JAX: 013731
Mouse: Ai6(RCL-ZsGreen) The Jackson Laboratory JAX: 007906
Mouse: MYHfI/fl Dr. Gachet; Léon et al., 2007 N/A
Mouse: allb—/— Dr. Frampton; Emambokus N/A

and Frampton, 2003
Mouse: GPIb-Il4R Dr. Ware; Kanaji et al., 2002 N/A
Mouse: PC-G5-tdT The Jackson Laboratory JAX: 024477

Software and Algorithms

FIJI
MTrackd

Celltool
Manual Tracking

StackReg

Imaris
R
SPSS Statistics 22

Schindelin et al., 2012
Meijering et al., 2012

Pincus and Theriot, 2007

Fabrice Cordelieres,
Institut Curie, Orsay (France)

Thévenaz et al., 1998

Bitplane
R Core Team, 2014
IBM

https://fiji.sc/
https://imagescience.org/meijering/
software/mtrackj/
http://zplab.wustl.edu/celltool/
https://imagej.nih.gov/ij/plugins/
track/track.html

http://bigwww.epfl.ch/thevenaz/
stackreg/

http://www.bitplane.com/imaris/imaris
https://www.r-project.org/

https://www.ibm.com/analytics/de/
de/technology/spss/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Florian
Gaertner (F.Gaertner@med.uni-muenchen.de).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains

PF4-Cre, R26R-Confetti, PC-G5-tdT-mice and C57BL/6-mice were purchased from The Jackson Laboratory and maintained
and cross-bred at our animal facility. PF4-Cre/Ai6(RCL-ZsGreen)-mice were bred at IRCCS San Raffaele Scientific Institute.
PF4-Cre/MYH9""-mice were a gift of Dr. Gachet (Léon et al., 2007). allb—/— mice were a gift of Dr. Frampton (Emambokus and
Frampton, 2003). GPIb-hll4R-mice were a gift of Dr. Ware (Kanaji et al., 2002). All strains were backcrossed to and maintained on
C57BL/6-background. If not otherwise stated, animals of same sex and age were randomly assigned to experimental groups. For
sepsis experiments, knockout and control animals were paired according to age, sex and weight. All procedures performed on
mice were approved by the local legislation on protection of animals (Regierung von Oberbayern, Munich).

Human blood donors

Human blood was drawn from male and female healthy voluntary donors at the age of 25-40 after informed consent was obtained
from all subjects. Both genders were equally represented in all our analyses. Migration assays performed in this study did not reveal
gender-specific differences (data not shown). Blood from a patient with type | Glanzmann thrombasthenia was collected after
approval from the ethical review board (LMU Munich) and written informed consent.

Bacterial strains

Methicillin-resistant Staphyloccocus aureus (MIRSA)

MRSA (strain USA300) was cultured in brain heart infusion (BHI, Bacto™ Brain Heart Infusion (Porcine), BD) medium at 37°C
with 180 rpm shaking. The CFU (colony forming units) per milliliter (ml) was determined for ODggo = 0.1 with 2*108 CFU/m. For infec-
tion experiments S. aureus USA300 was inoculated in BHI medium (37°C, 180 rpm) overnight. The overnight culture was diluted in
BHI to ODggo = 0.1 and further incubated at 37°C with 180 rpm for 1.5 h. Subsequently, ODgop Was measured and adjusted to
ODggo = 1.25 which equals 5108 CFU/200 pl. Bacteria were washed once with 0.9% Sodium chloride solution (Braun) and kept
on ice until injection.

E. coli

E.coli (strain DH12) was cultured in LB-broth medium (LB Broth (Luria lowsalt) Powdermicrobialgrowth medium, Sigma Aldrich,
Steinheim) medium at 37°C with 260 rpm shaking. The CFU (colony forming units) per milliliter (ml) was determined for
ODggo = 1.0 with 2,8*10% CFU/ml. For infection experiments E.coli from a frozen stock was inoculated in LB-broth medium
with 1 mM IPTG (1:100 IPTG, Isopropyl B-D-1-thiogalactopyranoside; Sigma Aldrich Chemie, Steinheim) and 100uM Ampicillin
(1:1000 Ampicillinsodiumsalt, Sigma Aldrich Chemie, Steinheim) (37°C, 260 rpm) overnight. A starter culture of the saturated
overnight culture was prepared the next morning in a 1:1000 dilution with LB-broth medium (1:1000), 1 mM IPTG (1:100) and
100uM Ampicillin (1:1000) and further incubated at 37°C with 250rpm for 2.5 h to allow growth to early log phase. Subsequently,
ODeggo (reading of 0,3-0,4) was measured and the needed volume adjusted to ODggg = 1.0 which equals 2,8*108CFU/ml to get an
injection volume of 100ul per animal with a concentration of 3,2*108CFU. Bacteria were washed twice with 0.9% Sodium chloride
solution (Braun) and kept on ice until injection.

Listeria monocytogenes (LM)

LM WT strain 10403S were grown to exponential phase at 37°C in BHI broth, washed, resuspended in PBS. LM was fluorescently
labeled by incubation for 30 min at 37°C with 5mM CSFE (carboxyfluorescein diacetate succinimidyl ester; Sigma). Bacteria were
heat-inactivated at 70°C for 2 hr.

Culture of primary murine polymorphonuclear leukocytes (PMNs)

Mice (C57BI6) were anesthetized by isoflurane and sacrificed by neck dislocation. Bone marrow (BM) cells were flushed from femurs
and tibias (ice cold PBS), centrifuged (300 g, 4°C for 5 min) and resuspended in 1 mL PBS. 1 mL of BM cell suspension was laid on a
three-layer Percoll (Sigma) gradient (72% (3 ml) / 64% (3 ml) / 52% (3 ml)) and centrifuged at 1000 g for 30 min with the brake switched
off to avoid mixing of the three layers. PMNs were harvested from the 64% / 72% interface, washed in PBS and cultured overnight in
VLE- RPMI 1640 medium (Biochrom) supplemented with 10% FBS and 100 U/ml penicllin and 100ug/ml streptomycin.

METHOD DETAILS

Inhibitors and blocking antibodies

allbB3 inhibition: C7E3-Fab (Reopro, Lilly) (10 ng/ml), a blocking pB3-specific Fab-fragment (Coller, 1985). avB3 inhibition: LM609
(blocking antibody; Merck Millipore) (30ug/ml). Inhibition of actin polymerization: Cytochalasin D (Sigma) (2 M) Myosin lla inhibition:
Blebbistatin(-) (Cayman Chemical) (5 uM or 50 uM); Blebbistatin(+) (Cayman Chemical) was used as negative control. Extracellular
calcium depletion: 100 mM citrate. Intracellular calcium depletion: BAPTA-AM (10 uM) (Molecular Probes), Inhibition of Arp2/3:
CK666 (50u1M) (Sigma).
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2P-IVM of vascular injury and bone marrow megakaryocytes

Mice were anaesthetized by intraperitoneal injection of a solution of midazolame (5 mg/kg body weight; Ratiopharm), medeto-
midine (0.5 mg/kg body weight; Pfizer), and fentanyl (0.05 mg/kg body weight; CuraMed Pharma GmbH). Mice were placed in a
lateral position to allow careful immobilization of the ear-pinnae (ventral side up) to a custom-built imaging platform using 30G
needles, as previously reported. A 3 mm x 3 mm piece of dermis was carefully removed to expose small subcutaneous veins.
Two injury models were used to subsequently induce vascular injury. We either mechanically injured the vessel wall with a 30G
needle or disrupted the vascular integrity by focusing a high power laser-beam of our two-photon microscope onto the vessel
wall. Both injury models, triggered the exposure of subendothelial collagen as well as the accumulation of fibrin(ogen) at the site
of injury (Figure S1C) and are established models to study hemostasis (Stalker et al., 2013). To exclude passive platelet move-
ment imitated by migrating leukocytes, we depleted leukocytes by i.p. injection of anti-Ly6G/C (150 ng/mouse 24 h and 4 h prior
to injury; clone RB6-8C5, eBioscience) and anti-CD45 (100 pg/mouse 24 h prior to injury; clone 30-F11, eBioscience) (Daley
et al., 2008). Depletion efficiency was locally controlled by injection of fluorescently labeled (PE) anti-CD45 (eBioscience) and
anti-Ly6G/C (clone RB6-8C5; eBioscience) following the experiment, and white blood cells were counted, using an automated
cell counter (ABX Micros ES60, Horiba Medical) (Figures S1G and S1H). Images were acquired using a Trimscope |l multi-photon
imaging platform (LaVision Biotech) on an upright Olympus stand, enclosed in a custom-built incubator maintaining 37°C.
Images were acquired using a Plan-Apochromat 20x/1.0 NA objective (Carl Zeiss Microscopy) with saline as immersion medium.
Fluorescent signals were collected using 4 external/non-descanned photomultipliers (PMTs). For imaging of Confetti fluores-
cence the following filter combination was used: mCFP was collected with a 480/40 nm bandwidth and 520 nm longpass filter
cYFP with a 535/30 nm bandwith and the same 520 nm longpass filter and cRFP with a 605/70 nm band- width and 560 nm
longpass filter. Fluorescence excitation was provided by a Chameleon Ti:Sapphire laser (Coherent) tuned to 910 nm for simul-
taneous excitation of cYFP, cRFP and mCFP and generation of collagen second harmonic signal. 800 nm excitation wavelength
was used for imaging of CFDA-SE, DDAO-SE, Alexa488 and Alexa546 and PE using the same laser. Z stacks were recorded with
2um step-size and time series were captured with 1 frame every 5 s, unless otherwise specified. To visualize megakaryocytes in
PF4-Cre/R26R-Confetti-mice we performed 2P-IVM of the mouse calvarian bone marrow. To get access to the frontoparietal
skull, the scalp of an anesthetized mouse is incised in the midline. A plastic ring is inserted in the incision to spread the skin
and to allow application of sterile physiologic saline solution to prevent drying of the tissue. During these procedures the animal’s
head is immobilized in a customized plexiglas stage equipped with a stereotactic holder. Imaging is performed using the multi-
photon imaging platform as described above.

2P-IVM of liver microcirculation

Anesthetized mice (C57/BI6) received tdTomato labeled E.coli (DH12) (3.2 x 108 CFU suspended in 200 L saline) via the tail vein
and platelets isolated from a PF4-Cre/Ai6(RCL-ZsGreen) donor mouse were transfused immediately prior to surgery. Platelet-
leukocyte binding was enhanced by i.v. injection of 25 pg LPS /mouse (Clark et al., 2007). In some experiments leukocytes
were fluorescently labeled using anti-Ly6G/C-FITC antibody (15pug/mouse; clone RB6-8C5, eBioscience). Where indicated in
the figure legends, leukocyte depletion was performed as previously described by i.p. injection of anti-Ly6G/C (200 pug/mouse
24h prior to injury; clone RB6-8C5, eBioscience)). Surgical procedures were performed as previously described (Benechet
et al., 2017). Briefly, after opening the skin with a midline incision and detaching peritoneal adherences, midline and left subcostal
incisions were made in the peritoneum through a high-temperature cautery. The falciform ligament was resected and mice were
placed in a left lateral position with the left liver lobe gently exteriorized onto a glass coverslip attached to a custom-made imaging
platform. The liver was covered with plastic wrap, the incision was packed with moist gauze, and the imaging platform was sealed
to prevent dehydration. Images were acquired with a LaVision BioTec TriMScope Il coupled to a Nikon Ti-U inverted microscope
enclosed in a custom-built environmental chamber (Life Imaging Services) that was maintained at 37-38°C with heated air.
Continuous body temperature monitoring through a rectal probe was performed to ensure that a narrow range of 37-38°C was
maintained at all times. Fluorescence excitation was provided by two tunable fs-pulsed Ti:Sa lasers (680-1080 nm, Ultra I,
Coherent). The setup includes four photomultiplier tubes (3 Hamamatsu H7422-40 GaAsP High Sensitivity PMTs and 1
Hamamatsu H7422-50 GaAsP High Sensitivity red-extended PMT) and a high working distance water-immersion 20x objective
(NA = 1.0, Zeiss). Images were acquired every 10 s for up to 4 h. Images sequences were processed using FlJI (Schindelin
et al.,, 2012). X-Y Image drift was corrected using the StackReg plugin (Thévenaz et al., 1998). Gaussian filtering was used to
reduce image noise. Migrating cells were tracked manually using the "Manual Tracking” or the "MTrackd” plugin in FIJI (Meijering
et al., 2012). Architecture of sinusoids was reconstructed from the smoothed auto-fluorescence signal of the liver (median filtered
z-protection of the imaging sequence).

Systemic infection with E.coli

Bone marrow (BM) chimeras were generated by injection of isolated bone marrow from PF4-Cre+/MYH9™" - or PF4-Cre-/
MYH9""-mice into sublethally (900 rad) irradiated 8 weeks old recipient mice (sex: female; C57BI6). Mice were used 24 weeks
after reconstitution. Systemic infection with fluorescently labeled E.coli (DH12) (tdTomato) were performed as previously
described (Massberg et al., 2010). Briefly, E.coli at an amount of 3.2 x 108 CFU (suspended in 200 pL saline) was injected
into the tail vein of mice (BM-Chimeras). 4 h after infection mice were sacrificed and livers were explanted, embedded in
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OCT and snap frozen in liquid nitrogen. Livers were cut with a cryotome into sections of 5um thickness. Specimens were fixed
with 4% formalin for 4 min, washed in PBS and stained for platelets (anti-CD42b, clone Xia.B, Emfret), E.coli (E. coli serotypes
O + K Antibody, ThermoFisher) and/or fibrin(ogen) (4440-8004F, Bio-rad). Mosaic micrographs of liver sections were acquired
using a Zeiss Axio Imager M2 epifluorescent microscope with a Plan Apochromat 40x/0.75 air objective and an AxioCam MRm
camera (Carl Zeiss Microscopy). Images were analyzed using Imaris software (Bitplane).

Systemic infection with Staph. aureus (MRSA USA300)

Mice were intravenously injected with 2*108 CFU of S. aureus USA300. Mice were sacrificed after 6h of infection.

CFU-Assay

Mice (PF4-Cre+/MYH9™ (age: 12-14 weeks, sex: 2 females and 3 males) or PF4-Cre-/MYH9™" (age: 12-14 weeks, sex: 2 females
and 3 males) were sacrificed and organs were harvested and placed in phosphate buffered saline (DPBS, Dulbecco GIBCO) at 4°C
until further processing. Organs were homogenized using a QIAGEN TissueLyser™ with an oscillation of 50/s for 10 min. Serial
dilutions were made in BHI and plated on MRSA Il (Oxoid, ThermoFischer Scientific) and LB plates. Plates were incubated for
20 h at 37°C. Colonies were counted and CFU per gram organ was calculated.

Histology

Mice (PF4-Cre+/MYH9™ (age: 12-17 weeks, sex: 4 females and 8 males) or PF4-Cre-/MYH9™" (age: 12-17 weeks, sex: 8 females
and 4 males) were sacrificed and livers were explanted, processed as described above and immuno-stained: Platelets (anti-CD42b,
clone Xia.B, Emfret), S. aureus (ab20920, Abcam) and fibrin(ogen) (4440-8004F, Bio-rad), Neutrophiles (anti-LY6G, Clone:1A8,
Biolegend), NETs (anti-citrulline Histone 3; Abcam). Images were acquired using a Zeiss Axio Imager M2 epifluorescent microscope
with a Plan Apochromat 40x/0.75 air objective and an AxioCam MRm camera (Carl Zeiss Microscopy) or a LSM 880 confocal micro-
scope with Airyscan module from Carl Zeiss, with Plan-Apochromat 20x/0.8 air objective (Carl Zeiss Microscopy). The channels were
acquired using the laser lines 633, 561, 488 and 405 nm with the respective filters settings BP 420-480/LP 605, BP 495-550/LP 570,
BP 495-550/LP 570 and BP 420-480/BP 495-550, on the Airyscan module in super-resolution mode. Platelet-MRSA colocalizations
and size-distributions were analyzed using Imaris software (Bitplane). Neutrophil infiltration was manually analyzed by blinded
investigators. Neutrophil infiltrates were classified as LY6-G-positive aggregates with a minimum of three cells. Platelet-depleted
C57BI6-mice (Figure S7D) (depletion group: age: 9 weeks, sex: 3 females and 3 males; isotype control group: age: 9 weeks,
sex: 3 females and 3 males) were generated by i.v. injection of anti-GPIba. antibodies (211g/g mouse; R300, Emfret). Mice were
infected 12 h after treatment.

Plasma isolation

Mice (PF4-Cre+/MYH9™"" (age: 12-14 weeks, sex: 2 females and 3 males) and PF4-Cre-/MYH9" (age: 12-14 weeks, sex: 2 females
and 3 males) were sacrificed and blood was drawn intracadially. Plasma was isolated from citrated whole blood by centrifugation at
1500 g for 15 min at 4°C and subsequently snap frozen in liquid nitrogen. Samples were stored at —80°C.

Plasma ALT activity

Serum levels of the liver enzyme ALT were determined with the alanine aminotransferase (ALT) activity fluorimetric assay kit from
Biovision (Milpitas, CA, USA) according to the manufacturer’s protocol. All necessary biochemical components were provided in
the assay kit. Briefly, 5 uL blood serum was used to analyze the transformation of a-ketoglutarate with alanine to glutamate and
pyruvate. The pyruvate is further converted, resulting in fluorescence (Ex/Em = 535/587 nm). The fluorescence was monitored on
a Synergy Mx microplate reader (BioTek, Bad Friedrichshall, Germany) every 2 min for 2 h and ALT activity calculation was performed
using measurements in the linear range of the standard curve.

Survival experiments

Mice (PF4-Cre+/MYH9™" (age: 17-40 weeks; sex: 10 females and 1 male) or PF4-Cre-/MYH9"" (age: 17-40 weeks; sex: 9 females
and 2 males) were intravenously injected with 2*108 CFU of S. aureus USA300. Infected mice were continuously monitored for a
maximum of 24h (all mice died within the observation time).

Adoptive Transfer

Adoptive transfer of WT (C57/BI6) and MYH9-deficient platelets into thrombocytopenic GPIb;hIL4R-Tg recipient mice
(mice receiving WT plts: age: 10 weeks, sex: 2 males and 1 female; mice receiving MYH9—/— plts: age: 10 weeks, sex: 2 males
and 1 female) was performed as previously described (Boulaftali et al., 2013) with small modifications:

A, Platelet depletion

Thrombocytopenia was induced in GPIb;hIL4R-Tg mice by i.v. injection of antibodies against hiL-4R (MAB230, R&D, 5 ng/g body
weight; 12 h and 3h before transfusion).

B, Platelet transfusion

Washed platelets were isolated as described below. Platelets from several donor mice were pooled, and the platelet count was
adjusted to 5 x 102 platelets/200 ul. Recipient mice were injected with 200 ul. washed platelets.

C, Flow cytometry

For determination of endogenous and transfused platelet counts, diluted whole blood was stained with anti-hIL-4R-PE (FAB230P,
R&D), and fraction of hILR4 positive platelets was assessed by flow cytometry (LSRFortessa; BD Biosciences).
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Confocal imaging of platelets and megakaryocytes

Isolated washed platelets were incubated on fibrinogen coated coverslips (100 pg/ml) in the presence of 0.1 U/ml bovine Thrombin
for 20 min at 37°C and subsequently imaged without prior fixation. Motility assays of confetti aggregates were performed using the
migration assay as described below with adapted platelet concentrations (50x10%/ul). Megakaryocytes (MKs) were isolated as pre-
viously described (Mazharian et al., 2011). Briefly, BM cells were flushed from femurs and cultured in serum-supplemented StemPro
medium (2.6%) with 2mM I-glutamine, penicillin/streptomycin, and 20 ng/mL of murine stem cell factor at 37°C under 5% CO, for
2 days. Cells were then cultured for a further 4 days in the presence of 20 ng/mL of stem cell factor and 50 ng/mL of TPO. Mature
MKs were enriched using a 1.5%/3% BSA gradient under gravity (1g) for 45 minutes at room temperature. MKs were allowed to
spread on fibrinogen-coated coverslips (100 pg/ml) for 6 h at 37°C and imaged without prior fixation. Images were captured on
an inverted Zeiss LSM 780 confocal microscope using a Plan-Apochromat 100x/1.46 oil-immersion objective (Carl Zeiss
Microscopy).

Isolation and staining of human and murine platelets

Human blood was drawn from the cubital into a syringe containing 1/7 volume of Acid-Citrate-Dextrose (39 mM citric acid, 75 mM
sodium citrate, 135 mM dextrose; ACD). Blood from a patient with type | Glanzmann thrombasthenia was collected after approval
from the ethical review board and written informed consent. Whole blood was diluted 1:1 with modified Tyrode’s buffer (137 mM
NaCl, 2.8 mM KClI, 12 mM NaHCOg, 5.5 mM glucose, 10mM HEPES, pH = 6.5) and centrifuged with 70 g for 30 min at RT with
the break switched off. The supernatant contains the platelet rich plasma (PRP), either used for experiments or transferred into a sec-
ond tube to prepare washed platelets. Platelets were washed by further diluting PRP (1:3) with PGI2 (0.1 ng/ml, Abcam) - containing,
modified Tyrode’s buffer (pH = 6.5) followed by centrifugation with 1250 g for 10 min at RT. The pellet was then carefully re-sus-
pended in modified Tyrode’s buffer (pH = 7,4) and platelets were counted with an automated cell counter (ABX Micros ES60, Horiba
Medical). Mouse blood was drawn intracardially from anesthetized (isoflurane (DeltaSelect), fentanyl i.p. (0.05 mg/kg body weight;
CuraMed Pharma)) mice and processed as described for human platelets. For some experiments platelets were stained with either
4.5 uM CFDA-SE (Carboxyfluorescein diacetate succinimidyl ester, Molecular Probes) or 4.5 pM DDAO-SE (CellTrace Far Red,
Molecular Probes) for 30 min at room temperature, followed by additional washing with modified Tyrode’s buffer (pH = 6.5).

Plasma and serum preparation

Platelet poor plasma (PPP) was isolated from human or mouse anti-coagulated whole blood (ACD 1:7) and diluted in modified
Tyrode’s buffer (pH = 7.4) (1:1); followed by centrifugation with 1750 g for 10 min at RT. PPP from the supernatant was either
used for experiments or further processed to generate serum. PPP was incubated with bovine thrombin (1 U/ml, Sigma)
for 30 min at RT to initiate coagulation. Fibrin was removed from the solution by centrifugation (2000 g, 15 min, RT) and thrombin
activity was blocked by adding 2U/ml Lepirudin (Refludan, Schering) and 40 uM PPACK (D- Phenylalanyl-prolyl-arginyl Chloromethyl
Ketone, Enzo Life Science). To determine the protein concentration of serum, Bradford assays were performed (Quick Start Bradford
Protein Assay, Bio-Rad) using bovine serum albumin (BSA) as protein standard. In some experiments, serum was further processed.
To heat-denature serum proteins, samples were incubated at 37°C, 50°C, 70°C and 90°C (Thermomixer, Eppendorf) for 30 min and
cooled down to RT prior to the experiment. To fractionate serum by size and to remove low molecular components, dialysis
was performed against PBS using dialysis cassettes of 2 kDa molecular weight cut-off (Slide-A-Lyzer Dialysis Cassettes, Thermo
Scientific).

Preparation of platelet supernatants

Supernatants of collagen-activated platelets were generated from PRP pre-incubated with 10 pug/ml fibrillar collagen (Chrono-Log)
for 20 min at 37°C. Some preparations were performed in the presence of 2 U/ml apyrase (New England Biolabs) and 10 uM
indomethacin (Sigma) or vehicle (Succinate buffer or Ethanol). Activated platelets were removed by centrifugation at 9000 g
for 10 min and PPP containing the platelet releasate was used for experiments.

Functionalization of coverslips and migration assay

Plasma-coated coverslips

A plastic ring was glued to a coverslips (Desag 263 low alkaline glass, Bioptechs) to build a custom made migration chamber. The
chamber was filled with modified Tyrode’s buffer (pH = 7.4) supplemented with isolated plasma (1:1) and platelet activators (4 uM
ADP (Sigma) / 2 uM U46619 (Tocris Bioscience)). Within 5 min at RT the coverslips were coated with a homogeneous protein layer
(Turbill et al., 1996) as verified by AFM and immunostainings (see Figures S3H and S3l). Finally, PRP was added to reach a final con-
centration of 10x108 platelets/ml. In some experiments, coating with fibrillar collagen (fCol) and plasma was performed by incubating
coverslips with 200ug/ml fCol (Chrono-log) in plasma/thyrodes 7.4 (1:1) for 2 h at RT before adding PRP.
Serum/Fibrinogen-coated coverslips

A plastic ring was glued to coverslips (Desag 263 low alkaline glass, Bioptechs) to build a custom-made migration chamber. The
chamber was filled with modified Tyrode’s buffer (pH = 7.4) supplemented with isolated serum (concentrations as indicated), fibrin-
ogen (concentrations as indicated) and platelet activators (4 pM ADP (Sigma) / 2 uM U46619 (Tocris Bioscience)). Washed platelets
were added to reach a final concentration of 10x10° platelets/ml.
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HSA/Fibrinogen-coated coverslips
Coverslips (No. 1.5, D263T, Nexterion) were acid washed (20% HNO3) for 1 hour at RT and thoroughly rinsed in ddH20 for
another hour. Freshly cleaned coverslips were air-dried and silaned with hexamethyldisilazane (HMDS, Sigma) by spin-coating
at 80 rps for 30 s. A plastic ring was glued to the pretreated coverslips to build a custom made migration chamber. Migration
buffer containing modified Tyrode’s buffer (pH = 7.4) was supplemented with adhesive proteins (fibrinogen (Sigma) or fibrin-
ogen-Alexa488(—10 nm-gold) (Invitrogen)) and anti-adhesive proteins (rtHSA (Sigma) or Casein (Sigma) or Ovalbumin (Sigma)),
platelet activators (ADP (Sigma) / U46619 (Tocris Bioscience)) and divalent cations (calcium) at the concentrations indicated. If
not otherwise stated the following concentrations were used: rHSA (1500 pg/ml) or casein (30ug/ml); fibrinogen (150 pg/mi),
calcium (200 uM), ADP (4 uM), U46619 (2 uM). Washed platelets were added to the migration buffer to reach a final concentration
of 10x10° platelets/ml.
HSA/Fibrin(ogen)-Alexa488-coated coverslips
Coverslips were silaned as described above. To improve imaging quality, plastic channels (sticky slides, Ibidi) were used instead of
plastic rings to build the migration chamber. Fibrinogen-Alexa488 coating: Channels were incubated with modified Tyrodes (pH 7.4)
supplemented with 40 pg/ml Fibrinogen-Alexa488 (Invitrogen) and 2 mg/ml rHSA (Sigma) for 15 min at RT. Fibrin-Alexa488 coating:
Channels were incubated with modified Tyrodes (pH 7.4) supplemented with 300 pg/ml Fibrinogen (Sigma) (1:10 spiked with Fibrin-
ogen Alexa488 (Invitrogen)), 12 mg/ml rHSA (Sigma), 2U/ml bovine Thrombin (Sigma), 1 mM Calcium for 15 min at RT. After coating,
slides were washed with PBS and washed platelets (10x10%/ml) in modified Tyrodes buffer (pH 7.4) supplemented with plasma, anti-
adhesive proteins, platelet activators, and divalent cations (see above) were added.
Immobilization of beads
Fibrinogen was biotinylated using the EZ-LinkSulfo-NHS-SS-Biotin kit (Thermo Fisher). HSA/Fibrinogen-coated slides were pre-
pared as described above. Neutravidin-conjungated-200 nm (or 1 pm)-beads (FluoSpheres, Molecular Probes) were immobilized
on biotinylated-Fibrinogen monolayers via the biotin-neutravidin bond.
Immobilization of bacteria
Bacteria (E.coli or L. monocytogenes or MRSA USAS300 or inactivated Staph. aureus) were incubated on fibrin-coated slides (see
above) for 30-60min h at 37°C. Slides were washed with Thyrodes buffer (pH 7.4) to remove non-adherent bacteria. Washed platelets
(10x10%/ml) in modified Tyrodes buffer (pH 7.4) supplemented with plasma, anti-adhesive proteins, platelet activators, and divalent
cations (see above) were added.

In all experimental settings, platelet spreading and migration were subsequently observed using time-lapse video microscopy.

Characterization of plasma coated surfaces
Atomic force microscope (AFM) measurements were performed on a NanoWizard-Il (JPK Instruments) AFM in ambient conditions.
The AFM was operated in tapping mode, to minimize abrasion of the molecule layer by the AFM tip. Silicon cantilevers (BS Tap 300,
Budget Sensors) with typical spring constants of 40 N/m and nominal resonance frequencies of 300 kHz were used. The nominal tip
radius was smaller than 10 nm. The images were analyzed using SPIP (SPIP 4.5.2, Image Metrology).

Immunostainigs of fixed plasma coated coverslips were performed using the following primary antibodies (anti-fibrinogen
(ab34269, Abcam), anti-vWF (ab6994, Abcam), anti-fibronectin (ab2413, Abcam)). Slides were incubated with antibodies for 1 h
at RT, washed with PBS and stained with Alexa 488 labeled secondary antibodies (Molecular Probes) for another hour.

Time-lapse video microscopy

Differential interference contrast (DIC), Phase Contrast and Epifluorescence movies (1frame/12 s) were recorded on an automated
inverted I1X83 Olympus microscope with an UPlan 40x/1.0 or UPLSAPO-PH 100x/1.4 oil-immersion objective (Olympus) and a cooled
CCD camera (XM10, Olympus). The microscope was equipped with a stage incubator (37°C, humidified, Tokai Hit).

Flow chamber assay

To observe platelet migration under flow conditions plasma-coated (see above) circular glass coverslips (40mm, Bioptechs) were
placed into a parallel plate flow chamber (FCS2, Bioptechs) and incubated with migration buffer and PRP (10x10° platelets/ml).
Once platelets were fully spread the flow-chamber was perfused with pre-warmed migration buffer (37°C; shear rate: 1300/s) using
a recirculating air pressure pump (Ibidi) and migration was observed by time-lapse microscopy.

Bacterial trapping experiment under flow

E.coli were seeded on fibrin (Alexa488-labeled)-coated coverslips in the presence or absence of platelets for 1 hour at 37°C (see
above). Microfluidic channels were then assembled (ibidi sticky slides VI®# (ibidi)), connected to a syringe pump and placed on
an inverted microscope (IX83, Olympus) with a heated stage. Channels were perfused with modified Tyrode’s buffer (see
above, 37°C) at 0.5 dyne/cm? to remove non-adhering bacteria. After 1 min Tyrode’s buffer was perfused at 5 dyne/cm? for 5 min
and subsequently at 50 dyne/cm? for 30 s. Images were taken after each perfusion step. Number and size of trapped bacteria
was quantified manually using FIJI software (Schindelin et al., 2012). Bacteria were extracted from phase-contrast images and
pseudo-colored in magenta.
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Platelet phagocytosis assay

Human Fibrinogen (Sigma) was biotinylated with cleavable Sulfo-NHS-SS-Biotin using the EZ-LinkSulfo-NHS-SS-Biotin kit pur-
chased from Thermo Fisher. Coverslips were then coated with Fibrinogen-Biotin and platelet migration experiments were performed
as described above. Fibrinogen-Biotin removed from the surface and accumulated at the migrating platelet was traced by fluores-
cent labeling using Streptavidin-Alexa488 (SA488) (Invitrogen). Taking advantage of the cleavable SS-Biotin bond we designed 3 sets
of experiments to determine the site of Fibrinogen accumulation (intracellular versus extracellular) (also see Figure S5D). I. Platelets
were incubated with SA488 without further treatment; 1. SS-Biotin was cleaved using TCEP (Tris-(2-carboxyethyl)-phosphin) (Sigma)
prior to SA488 incubation; Ill. Platelets were permeabilized with Saponin and SS-Biotin was cleaved using TCEP prior to SA488
incubation. Mean fluorescence intensities (Alexa488) of platelet pseudonuclei were recorded for each condition. Fibrinogen locali-
zation (extracellular versus intracellular) was determined by comparing the relative loss of fluorescence in all conditions (also see
Figure S5D).

Platelet tracking protocol

Spreading platelets (migrating and non-migrating) were counted manually and tracked using the "Manual Tracking” or the
”MTrackd” plugin in FIJI (Schindelin et al., 2012, Meijering et al., 2012). The fraction of migrating platelets was calculated by dividing
the number of migrating platelets by the total number of spreading (migrating and non-migrating) platelets. The pseudonucleus of a
migrating platelet served as a morphological landmark for tracking. Platelets moving a distance > 1 platelet diameter were classified
as migrating. In some experiments, the straightness of migration was calculated by dividing the Euclidean distance of migration by
the accumulated distance of migration. The directionality toward a vessel injury was quantified by the forward migration index (FMI),
defined by the ratio of the fractional displacement along the line connecting starting point of migration and injury and the total
accumulated distance of migration; maximal directionality = 1; minimal directionality = —1. The duration of platelet migration is
plotted in respect to the initial starting-point within the observation time and duration egective / duration a5 defines the ratio of the
effective duration of migration or spreading and the maximum duration possible in respect to the initial starting-point. For represen-
tation of in vivo migration tracks the starting points were normalized to zero and plotted in respect to the direction of blood flow or the
localization of the vessel injury. Heatmaps illustrating retraction speed and fibrinogen removal were generated using QFSM software
(Mendoza et al., 2012).

Shape analysis

We performed an unbiased, systematic analysis of platelet shapes to analyze the morphological variations of migrating and
non-migrating platelets without pre-selecting particular shape measurements (e.g., area or cell-diameter). Platelet shapes
were represented as polygonal outlines and principal component analysis (PCA) was performed to extract principal modes
of shape variation along which to measure each platelet. Platelet shapes from DIC movies were manually masked and
converted into binary images using FIJI (Schindelin et al., 2012). Polygonal outlines were extracted from masks and sampled
at evenly spaced 200 points. To ensure that all polygons were orientated equally, an algorithm based on Procrustes analysis
was used to rotate and translate the polygons until corresponding points were optimally aligned. Next, we used the pseudonu-
cleus as a characteristic landmark defining the rear of a migrating platelet. The pseudonuclei were manually marked in FIJI and
extracted to another set of binary images. This additional landmark was also used in the Procrustes procedure and improved
the alignment. Finally, the alignment was manually verified. Aligned contours were further analyzed by principle component
analysis. The principle components, scaled by the standard deviation of the analyzed population for each mode of shape
were depicted. To explore whether the classified shape modes allow the discrimination of functionally distinct platelet
subpopulations (e.g., migrating versus non- migrating), platelet polygons were arrayed in a scatterplot. Finally, the following
cellular characteristics were measured based on shape modes detected by PCA: (1) Area in um? (mode 1) and (2) Aspect
Ratio = long axis/short axis (mode 2). In some experiments polygon curvature was measured as an approximation of membrane
roughness. The average of the absolute values of the point wise curvature of the contour is computed over a specified range,
and multiplied by the contour length over the same range. Absolute values must be used because otherwise positive and
negative curvatures would cancel out; the sum is multiplied by the arc length to make the measurement scale-invariant. All
algorithms are implemented in the "Celltool” software package (Pincus and Theriot, 2007). To analyze the spatio-temporal
coordination of leading-edge protrusion and trailing edge retraction kymographs were extracted along the central axis of
migrating platelets.

Immunofluorescence of migrating platelets

Polarized, migrating or spread, non-migrating platelets were fixed at 37°C in 1% paraformaldehyde for 10 min. Platelets were
washed three times with PBS and incubated with 2% Glycin (Roth) for 5 min, followed by incubation with 0.2% Triton X-100 (Fluka)
and 3% bovine serum albumin (Roth), to permeabilize the cells and to block unspecific binding, respectively. For allbB3 staining,
platelets were incubated for 1 h at RT with primary antibodies (1:50, clone HIP8, Abcam) followed by 1 h at RT with secondary
antibodies (goat anti-mouse IgG Alexa488, 1:200, A11001, Molecular Probes). Activated allbp3 was stained in live cells during
migration for 20min (PAC1-FITC, 1 pg/ml, BD) followed by incubation for 1 h at RT with secondary antibodies (rabbit anti-FITC
Alexa488, 1:200, A11090, Molecular Probes). Filamentous actin was stained by Rhodamin-Phalloidin (1:40, Molecular Probes).
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Images were captured on a Zeiss LSM 780 confocal microscope using a Plan-Apochromat 100x/1,46 Qil DIC objective (Carl Zeiss
Imaging).

Fura-2 imaging of migrating platelets

Platelets were loaded with 5 uM Fura-2/AM (Invitrogen) at 37°C, 25 min before imaging. Fura-2 images were taken on an inverted
iMIC2 (FEI) stand equipped with a climate chamber (37°C, humidified) (ibidi) and using an UplanSApo 60x/1.35 oil-immersion objec-
tive (Olympus). 340 nm and 380 nm filters were used for the excitation of Ca%*-bound Fura-2 and Ca®*-free Fura-2, respectively and
emission at 510 nm was captured with an EMCCD camera (iXon 897, Andor), gain = 120. Time-lapse movies were recorded with a
frame rate of 1/30 s. Image processing was performed as previous published by using FIJI (Kardash et al., 2011, Tsai and Meyer,
2012). Briefly, mask images to separate platelets and the background were created by manually drawing the platelet contour in
the bright field image. Background subtraction was performed using the “rolling ball” algorithm. To determine intracellular Ca®*
oscillations, the ratio images (Ca®*-bound/Ca®*-free) were created by dividing the images generated using 340 nm over 380 nm
excitation of Fura-2.

pMLC western blot

Washed human platelets, suspended in migration buffers were activated in the presence or absence of 100 mM citrate. In some
experiments platelets were pretreated with BAPTA-AM. After the indicated time points, platelet suspensions were centrifugated
at 1900xg for 8 min at RT in a microcentrifuge. Obtained platelet pellets were homogenized in RIPA buffer containing protease
and phosphatase inhibitor cocktails (Thermo Fisher Scientific). Equal amounts of total protein (50ug) were subjected to western
blot analysis. The signal from the phosphorylated Myosin Light Chain (anti-pMLC; 1:1000, Abcam) was normalized for that of total
Myosin Light chain using an antibody against Myosin Light Chain (1:1000, Cell Signaling Technology). Immunoreactive protein bands
were detected using horseradish peroxidase-labeled secondary antibodies (1:2000, Cell Signaling Technology) and enhanced chem-
iluminescence western blotting detection reagents (Perkin Elmer).

Correlative electron microscopy (SEM/FIB-SEM)

SEM/FIB-SEM was performed as previously described (Wanner et al., 2013). Briefly, platelets were embedded in epoxy resin on
laser-marked coverslips. Platelets selected for light microscopy were relocated in the SEM. Tomographic datasets were obtained
by the ‘slice and view’ technique using a Zeiss Auriga 40 crossbeam workstation (Carl Zeiss Microscopy, Oberkochen, Germany).
For milling with the focused Ga-ion beam, the conditions were as follows: 0.5-1 nA milling current of the Ga-emitter; with each step
10-15nm of the epoxy resin was removed by milling with the FIB. SEM images were recorded with an aperture of 60 um in the high
current mode at 1.5 kV of the in-lens EsB detector with the EsB grid set to —1000 V. Depending on the respective magnification,
voxel size was in a range between 3.5 and 5 nm in x/y and 10-15 in z. Contrast of the images was inverted to conventional
bright field.

Bacterial viability

Platelets were incubated with MRSA for 90 min at 37°C as described above and bacterial viability was subsequently determined
using the LIVE/DEAD BaclLight Bacterial Viability Kit from Thermo Fisher Scientific. Ethanol-treated bacteria (70% for 10 min)
were used as positive control, untreated bacteria were used as negative control. Briefly, slides were stained with propidium iodide
(PI) and Syto 9 for 15 min at 37°C. While Pl enters only dead cells with compromised membranes (Excitation/Emission: 536/617),
Syto 9 enters all cells (Excitation/Emission: 485/498). Fluorescent images were recorded on an automated inverted 1X83 Olympus
microscope with an UPlan 40x/1.0 or UPLSAPO-PH 100x/1.4 oil-immersion objective (Olympus) and a cooled CCD camera
(XM10, Olympus). The microscope was equipped with a stage incubator (37°C, humidified, Tokai Hit). Live and dead bacteria
were counted using the “Find Maxima” function in FIJI (Schindelin et al., 2012).

Neutrophil migration, phagocytosis, calcium imaging and NETosis
Platelets were incubated together with MRSA or pHrodo Red S. aureus Bioparticles Conjugate for Phagocytosis (Thermo Fisher
Scientific) on fibrin-coated substrates (see above) to allow migration and bundle formation (90 min at 37°C; also see above).
Neutrophils (1x10°) were then added in RPMI media (RPMI 1640 with 1% FBS and 10mM HEPES) and live cell imaging was
performed to track migration of neutrophils and to measure their interaction with platelet-bound bacterial bundles. Phagocytosis
was visualized by the increased fluorescence intensity of pHRodo within phagolysosomes using epifluorescence microscopy
according to the manufacturer’s protocol. Neutrophils isolated from LysM-Cre/PC-G5-tdT (JAX#024477) calcium-reporter-mice
were used to measure intracellular calcium oscillations during interaction with platelet-bacteria bundles. Neutrophils from
these mice express the calcium indicator variant, GCaMP5G (GFP) and tdTomato. tdTomato signal was used to normalize the
intracellular calcium signal (GFP).

NETosis was visualized by staining neutrophils after 90 min of incubation with platelet-bacteria-bundles with SYTOX Green Nucleic
Acid Stain (1 uM, Thermo Fisher Scientific) to label extracellular DNA. Cells were counterstained with Hoechst 33342 (Thermo Fisher
Scientific) and the fraction of neutrophils undergoing NETosis was measured as fraction of SytoxGreen positive cells.
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QUANTIFICATION AND STATISTICAL ANALYSES

Statistical parameters, including the exact value of replicates (“n”) for individual experiments can be found within the figure legends.
t tests and analysis of variance (ANOVA) were performed after data were confirmed to fulfill the criteria of normal distribution
(Kolmogorov-Smirnov-test), otherwise Kruskal-Wallis- or wilcox-rank-sum-tests were applied. If overall ANOVA or Kruskal-
Wallis-tests were significant, we performed a post hoc test (Tukey-HSD for ANOVA and wilcox-rank-sum post hoc test for Kruskal
Wallis, respectively). In matched-sample experiments, the paired t test was used. Survival was analyzed using the log rank test.
A p value of < 0.05 was considered statistically significant. Analyses were performed with R (http://www.r-project.org/; R Core
Team, 2014) or IBM SPSS Statistics 22.
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Figure S1. Imaging of Single Platelets at Vascular Injuries In Vivo, Related to Figure 1

Leuko: Anti-Ly-8G/CD45-PE (red)

(A) Principle of multicolor labeling of megakaryocytes and platelets using the PF4-Cre/R26R-Confetti mouse model. After Cre-mediated recombination the R26R-
Confetti-Reporter stochastically drives expression of one out of the four fluorescent proteins mCFP, nGFP, cYFP or cRFP (Snippert et al., 2010). Mature

(legend continued on next page)



megakaryocytes, the direct platelet precursor cells, are highly polyploid, thus expressing more than one R26R-Confetti-transgene. Consequently, Cre-
recombination results in combinatorial expression of multiple fluorescent proteins. Color diversity is retained on the platelet level.

(B) Confocal sections of megakaryocytes isolated from PF4-Cre/R26R-Confetti mice (left). 2P-IVM of the calvarian bone of PF4-Cre/R26R-Confetti mice (right).
Note that our imaging setup (also see STAR Methods) does not allow detection of GFP-positive nuclei. SHG = Second Harmonic Generation. Scale bar, 20 pm.
(C) Models of microvascular injury and inflammation of the mouse ear. Needle injuries were performed using a 30G needle and a z-scan of the vessel surface
shows the localized injury. Laser injuries were induced by focusing the laser-beam of the 2-photon microscope on the vessel wall (dashed lines indicate the vessel
wall). Note the destroyed collagen architecture (Second Harmonic Generation = SHG) and the accumulation of fibrin(ogen) at the site of injury in both models
(Fibrinogen labeled with Alexa488 dye). Fibrin(ogen) is non-uniformly distributed at the site of injury with a maximum at the center of the lesion, as highlighted by
the color-coded intensity of Alexa488-labeled fibrinogen (magnified at the right). The black dashed line outlines a platelet-rich thrombus. Note the high density of
platelets. Scale bars, 50 um.

(D) Migration tracks of individual platelets were manually aligned, scaled and depicted in respect to the site of injury and the thrombus. Please note the preferential
location at the outer border of the injury and the thrombus.

(E) Migrating platelets after laser-injury are highlighted by arrow-heads and migration paths are indicated as white lines.

(F) Clot retraction following needle-injury in vivo (2P-IVM). Vector maps are overlaid (white arrows); heatmaps show retraction speed. Dashed white line highlights
the injury.

(G) Leukocytes were depleted prior to experiments to exclude leukocyte dependent platelet motility. Depletion of circulating white blood cells by i.p. injection of
anti-CD45 (clone 30F11) and anti-Ly6G/C (clone RB6-8C5). control: n = 10; depletion: n = 13; p values < 0.05 indicate significance; mean + SEM; wilcox-test.
(H) Local depletion efficiency at the site of injury was verified after each experiment by i.v. injection of fluorescently labeled CD45/LY6G/C antibodies. Scale
bar, 10 um.
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Figure S2. Platelets Actively Migrate by Adopting a Characteristic Shape, Related to Figure 2

(A) Platelets polarize and migrate on adsorbed plasma proteins in the presence of collagen fibers. Platelets spreading on plasma proteins and fibrillar collagen
after 30 min of incubation were visualized by DIC time lapse microscopy. Motile platelets (arrowhead) were either incorporated into a micro- aggregate (*) (upper
left) or stuck to collagen fibers (lower left). Migration was observed in mouse (left) and human (right) platelets. Scale bar, 10 um.

(B) Polarized, migrating platelets were quantitatively discriminated from spreading, non-migrating platelets by shape. Upper left: representative DIC micrographs
of platelets before and after polarization. Upper right: The mean shape and the principal modes of shape variability are shown for the spreading, non-migrating,
the polarized, migrating and the pooled platelet population; the number of analyzed platelets is indicated for each group. The mean and the first and second
standard deviation (SD) is shown for each shape mode of each platelet population. The contribution of each shape mode to the total shape variation within the
population is indicated in %. Each shape mode is assigned to a characteristic morphological parameter: area, aspect-ratio. Scale bar, 5 um. Lower left:
Scatterplots arraying spreading, non-migrating and polarized, migrating platelets by SD-normalized shape mode 1 and 2. Scale bar, 25 um. Lower right: Smooth
density histograms displaying shape modes, area and aspect ratio (x axis) as a density function (y axis). Note, the similar population-shift of mode 2 and aspect
ratio. The table shows mean + SD; p values < 0.05 (red) indicate significance; paired t test.

(C) Platelet migration is resistant to arterial shear rates (1300/s). White arrow indicates flow direction.

(D) Left: the mean platelet shapes are shown for treatment with Cytochalasin D (2 uM) and vehicle; scale bar, 5 pm. pRight: smooth density histograms displaying
area and aspect ratio before and after Cytochalasin D treatment; the table shows mean + SD; p values < 0.05 (red) indicate significance; platelets were pooled
from n = 5 experiments; paired Wilcox test.
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Figure S3. Platelet Migration on Plasma Proteins Requires Platelet Activation and Depends on oy,B3 Integrin Ligation and Substrate
Adhesiveness, Related to Figure 3

(A and B) Paracrine ADP and TXA2 release facilitates platelet locomotion. (A) Migration and spreading was quantified for platelets incubated in
conditioned plasma supernatants from platelets activated with fibrillar collagen (+/— fCol) (10 ng/ml) in the presence of Apyrase (2 U/ml) and Indomethacin (10 uM)

(legend continued on next page)




(+/— Ap/Ind). n = 4 experiments; error bars, SEM; Student’s t test. (B) Duration of single platelet migration was plotted in respect to the initial starting-point within
the observation time of 60 min and the ratio of the effective duration (durationessective) and maximum duration possible in respect to the starting point (durationax)
is shown. Red bars indicate mean; platelets were pooled from n = 4 experiments; Student’s t test. (C-G) Platelet migration depends on allbp3 integrin ligation.
(C) Human platelets were treated with 200 uM RGDS (inhibitory peptide) or 200 uM RGES (non-inhibitory control). The mean shapes are shown for the indicated
groups and the measured platelet numbers are depicted. Scale bar, 5 um. Smooth density histograms displaying area, aspect ratio and normalized curvature
(x axis) as a density function (y axis). The table shows mean + SD; p values < 0.05 (red) indicate significance; Student’s t test.

(D) Platelet migration and spreading was quantified. n = 4 experiments; error bars, SEM; ANOVA/TukeyHSD; scale bar, 10 um. Duration of single platelet migration
was plotted in respect to the initial startingpoint within the observation time of 65 min and the ratio of the effective duration (durationefective) and maximum duration
possible in respect to the starting-point (durationnmay) is shown. Platelets were pooled from n = 4 experiments; red bars indicate mean; Kruskal-Wallis/Wilcox.
(E) Time series of platelets migrating in the presence of avf3 integrin blocking antibody (LM609, 30p.g/ml). Quantification of platelet spreading and migration did
not reveal a significant difference compared to the control group. n = 16 platelets pooled from 2 experiments; mean; n.s. = not significant (p > 0.05); Student’s
t test; scale bars, 5 um.

(F) Representative DIC micrographs and corresponding color-coded time series of migrating platelets isolated from mice with mutated adhesion receptors. allb-
deficient platelets did not spread on immobilized plasma and only formed short filopodia (white arrow head). Scale bar, 5 um.

(G) Platelets isolated from a patient with Glanzmann thrombasthenia were seeded on plasma protein coated coverslips. Platelets did not migrate and only a small
fraction formed unstable lamellipodia (black arrow head) and extended short filopodia (white arrow head). H-Q: Platelet migration depends on substrate
adhesiveness and calcium.

(H) Surface topography of an uncoated and a plasma-coated coverslip was measured by atomic force microscopy (AFM). Note that after cleaning and coating,
slides are covered by a homogeneous protein layer (=15 nm) with only small height variations of (=6 nm), while larger irregularities (=50 nm; most likely
representing dust) were removed. () The presence of immobilized, adhesive platelet-binding plasma proteins was confirmed by immunostainings for Fibrinogen
(Fbg), Fibronectin (Fn) and von Willebrandt Factor (vWF).

(J) Schematic summary of our fractionation protocol showing the relationship of plasma components, platelet shape and migration.

(K-M) Platelet migration was quantified for the indicated treatments. Platelets were pooled from n = 4 (D) or n = 3 (E,F) experiments; mean + SEM; ANOVA/
TukeyHSD.

(N-P) Corresponding mean platelet shapes and density histograms of aspect ratio and normalized curvature are shown. Kruskal-Wallis/wilcox.

(Q) Representative DIC micrographs and related kymographs. Note the increased aspect ratio in the presence of calcium and the higher membrane roughness in
the presence of albumin.

(R) Anti-adhesive proteins trigger platelet migration. rHSA (recombinant human serum albumin); Casein (200 pg/ml); Ovalbumin (10 mg/ml); n = 3.

(S) DIC micrographs of platelets migrating on various concentrations of Fibrinogen (scale bar, 5 um).

(T) Quantification of platelet morphology on various concentrations of Fibrinogen (20: n = 125; 80: n = 239; 150: n = 340; 300: n = 335; 1250: n = 250; mean + SEM;
Kruskal-Wallis-Test/ pairwise wilcox; ** = p < 0.01). (U) Mean platelet contours (scale bar, 1 um).
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Figure S4. Extracellular Calcium Mediates the Switch from Spreading to Migration by Myosin-lla-Dependent Trailing Edge Formation,
Related to Figure 4

(A) Platelet outlines (from Figure 4G) and the corresponding kymograph reveal the functional dissociation of front and back resulting in platelet elongation (red
arrows). X/y-Ratio and area was measured over time. Scale bars, 5 um.

(B) Washed platelets from PF4-Cre-/MYH""- and PF4-Cre+/MYH9"" mice were stained with CFDA-SE or DDAO-SE, respectively and competitively transfused
into PF4-Cre/R26R-Confetti mice. White arrows indicate blood flow. White lines indicate migration paths. Scale bar, 10 um.

(C) Platelet migration requires a characteristic front-rear polarity. Actin-mediated protrusions and integrin-dependent adhesions are formed at the leading edge. A
calcium-mediated increase in myosin lla-dependent contractile forces then initiates retraction and adhesion release at the platelet rear resulting in forward
locomotion.
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Figure S5. Platelet Migration Is Coupled to Fibrin(ogen) Removal, Related to Figure 5

(A-D) Adhesions to the substrate are released by substrate removal. (A) Immunostainings of actin (Phalloidin) and «llbB3 (clone: Hip8) show that only a minor
fraction of cytoskeleton/integrin is released from platelets during migration. Scale bar, 5 um. (B) Immunostaining of fibrinogen before and after platelet migration
shows the removal of fibrinogen. Scale bar, 50 um. (C) Fibrinogen-Alexa488 (40 ng/ml) is a reliable fluorescent reporter for fibrinogen removal (also see Figure 5A).
Immunostainings of fibrinogen were negative in areas of fibrinogen-Alexa488 removal. Scale bar, 5 um. (D) Biotinylation of fibrinogen shows that the major fraction
of fibrinogen accumulated at the pseudonucleus is deposited on the platelet surface (also see Figure 5G). Left: cartoon showing the experimental design (also see
STAR Methods). Right: Cleavage of Sulfo-NHS-SS-biotin from fibrinogen after migration shows a significant reduction of Streptavidin (SA)-Alexa488 intensities
(IL.). No increase in fluorescence-intensity was measured when platelets were permeabilized (lll.) before the incubation with SA-Alexa488, indicating that the
major fraction removed biotinylated-fibrinogen remained on the platelet surface and is not endocytosed. TCEP = Tris(2-carboxyethyl)phosphine. n = 4 experi-
ments; mean + SEM; ** = p < 0.01; Kruskal-Wallis/wilcox; scale bar, 10 um.

(E-G) Platelets migrate on fibrin. (E) Time-lapse sequence of a platelet migrating on fibrin. Phase-contrast and epifluorescence micrographs (fibrin-Alexa488
generated from 840ug/ml fibrinogen; see STAR Methods) are shown for the indicated time-points. Scale bar, 10 um. Right: Percentage of migrating platelets and
area of fibrin removed per platelet was quantified (control, cytoD, C7E3-Fab: n = 5; Bleb: n = 3). At = recording time; mean + SEM; ANOVA/Tukey-HSD/Student’s
ttest. * = p < 0.05; ** = p < 0.01 (F) Upper left: DIC and epifluorescence micrographs of a platelet migrating on Alexa488-10 nm-gold-labeled fibrin. Scale bar,
10 pm. Upper right: 3D-reconstruction from a FIB-SEM stack showing the same platelet. Fibrin (green), fibrin-bound gold (yellow) accumulate at the pseudo-
nucleus of the migrating platelet (arrow); scale bar, 500 nm. Lower: FIB-SEM section of the pseudonucleus showing fibrin (green arrowhead) and fibrin-bound
gold (yellow arrowhead) accumulating on the surface of the platelet; scale bar, 500 nm. (G) Left: DIC and epifluorescence micrograph of a platelet migrating on
Alexa488-labeled fibrin. Scale bar, 10 um. Right: The same platelet is shown at higher resolution by scanning electron microscopy. Platelets remove the fine
meshwork as well as larger strands while migrating over fibrin (arrowheads). Scale bars, 10 um and 1 pm.
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Figure S6. Migrating Platelets Collect and Bundle Fibrin-Trapped Bacteria, Related to Figure 6

(A) Migrating platelets collect gram-positive bacteria (inactivated Listeria monocytogenes and inactivated Staphylococcus aureus): Phase-contrast and epi-
fluorescence micrographs show bacteria (magenta) and Alexa488-labeled fibrin (green). Bacteria accumulate at the pseudonucleus (arrowhead).

(B) Left: Platelets were migrating on a fibrin-Alexa488-coated and E.coli-colonized coverslip. The total area was segmented into migrated (yellow) and non-
migrated (gray) fractions based on the remaining fluorescent signal (fibrin-Alexa488). E.coli aggregates were measured by size and a color-coded overlay is
shown for the migrated and non-migrated areas. Aggregates with more than 3 E.coli are indicated as bundles (yellow). Right: Histogram showing the size
distribution (area in pmz) of E.coli aggregates for migrated and non-migrated areas. Bundles > 3 E.coli have a size larger than ~20 pmz.

(legend continued on next page)



(C) Migration facilitates collection and accumulation of E.coli by platelets. Epifluoresence micrographs of fibrin (green) and E.coli (magenta) after 1 h of platelet-
migration (control, PF4-Cre/MYH9™"); mean + SEM.

(D) Time series of platelets (pink arrow heads) spreading on fibrin-coated coverslips grown with E.coli. Notably, both migrating (control) and non-migrating (PF4-
Cre/MYH9"™ platelets can bind E.coli. However, migrating platelets are more efficient in interacting with bacteria as they cover a larger territory due to motility
(indicated by yellow dashed line). As a consequence, migrating platelets bind larger numbers of E.coli as indicated by the more efficient formation of bacterial
bundles (also see Figure 6E), n = 3, mean + SEM, wilcox-test, * = p < 0.05. Scale bars, 5 um.
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Figure S7. Migrating Platelets Bundle Bacteria In Vivo and Boost Neutrophil Activation, Related to Figure 7

(A and B) Epifluorescence micrographs (cropped from mosaic scans with stitched adjacent tiles) show liver sections of systemic (i.v.) E.coli-infected mice at the
indicated time points after infection. (A) green = fibrin(ogen); blue = DAPI; dashed line indicates sinusoids. (B) magenta = E.coli; green = platelets; blue = DAPI;
dashed line indicates sinusoids. Scale bar, 50 um.

(C) Quantitative analysis of A, and B, (n = 4). Platelet recruitment to the liver is highest at 4h after infection.

(D) 2P-IVM time series of a leukocyte (Gr1-FITC labeled; white outline) carrying a bound platelet (green) liver when migrating within liver sinusoids after E.coli
infection; scale bar, 10 um.

(E) Autonomous platelet migration in liver sinusoids is distinct from passive leukocyte-mediated motility. Platelets bound to leukocytes (Gr1-FITC-labeled) move
with the average speeds of migrating leukocytes (~10 pm/min) (Sreeramkumar et al., 2014), while active autonomous platelet migration in the absence of
leukocytes (depletion) is significantly slower (~1 um/min) (see Figure 7B). Consequently, mean platelet speeds are lower in leukocyte-deficient animals that lack
passive leukocyte-mediated platelet motility. Untreated (leukocyte proficient): n = 104 (pooled from 3 experiments), depleted (leukocyte deficient; anti-Ly6G/C
(200 pg/mouse 24h prior to injury; clone RB6-8C5)): n = 40 (pooled from 2 experiments), Leukocyte-bound: n = 53 (pooled from 3 experiments); platelet-leukocyte
binding was enhanced by i.v. injection of LPS (25 pg/mouse) (Clark et al., 2007); red bars, mean; Kruskal-Wallis/wilcox; * = p < 0.05.

(F) left: Representative micrographs of liver cryo-sections (cropped from mosaic scans with stitched adjacent tiles) 4 h after infection with E.coli. Platelets (anti-
CD42b; green) and E.coli (anti-E.coli O- and K-antigen; magenta) were tresholded based on fluorescence intensities and pseudo-colored for illustration. Scale
bar, 50 um. right: Data obtained on the left was further analyzed using Imaris software (Bitplane) to retrieve E.coli colocalizing with platelets. Liver cryo-sections
(from left,) highlighting E.coli colocalizing with platelets (E.coli < 20 ym? = magenta; E.coli > 20 um? = yellow); platelets = dark-green; DAPI = blue; scale bar,
50 um; (also see Figure 7D).

(G) Platelet and bacteria recruitment to liver sinusoids of allb—/— mice is comparable to controls while platelet-bacterial-bundling is reduced. n = 4; mean + SEM;
wilcox-test; * = p < 0.05.

(H) Histograms showing size distribution of platelet-bound bacteria. Size cut-offs used for quantification (see Figures 7D and 7E) are indicated by brackets.
Confocal image shows a platelet bundling MRSA (methicillin resistant Staphylococcus aureus) within the liver sinusoids. Scale bar, 5 um.

() a, Control or MYH9—/— platelets were transfused into platelet-depleted GPIb;hILR4 mice and sepsis experiments were performed. b, Efficiency of platelet
depletion and transfusion was controlled for each mouse using flow cytometry (mean + SD). ¢, Histograms showing size distribution of platelet-bound bacteria.
Transfused control platelets formed significantly more larger-sized MRSA-bundles compared to MYH9—/— platelets; n = 3, mean + SEM, wilcox-test, *=p < 0.05.
d, Transfusion of control, but not of MYH9-deficient platelets corrected defective bacterial bundling after platelet depletion. Ctrl: n = 6; WT/MYH9-KO/Depletion:
n = 3, mean + SEM, wilcox-test, * = p < 0.05.

(J) Viability of MRSA was measured using the LIVE/DEAD BacLight Bacterial Viability Kit (red: dead bacteria (Pl); green: live bacteria (Syto 9), see STAR Methods).
In the presence of thrombin, platelets were able to partly kill MRSA = (Ali et al., 2017) = (Ali et al., 2017). However, killing was independent of their ability to migrate
and to form bacteria bundles. n = 3, mean + SEM, wilcox-test, * = p < 0.05.

(K) Interaction time of migrating PMN with platelet-bound bacteria was measured for MYH9—/— and control platelets. Each number indicates a platelet-PMN-
bacteria interaction. Also see Movie S7. WT: n = 29; MYH9—/—: n = 21, mean + SEM, wilcox-test, * = p < 0.05.

(L) PMN phagocytose bacteria-bundles as indicated by the increase of fluorescence of pH-rodo-labeled S. aureus. Also see Movie S7. Scale Bar, 10 um.

(M) PMN (from calcium reporter mice: LysM-Cre/PC-G5-tdT) show increased intracellular calcium oscillations when encountering platelet-bound bacterial
bundles. Also see Movie S7. Scale Bar, 10 um.

(N) PMN undergo NETosis when encountering platelet-bound bacteria bundles. Increase over negative control (fibrin only) is shown. n = 3, mean + SEM, paired
t test, * = p < 0.05. Scale Bar, 10 um.

(O) PMN form multicellular aggregates within livers of MRSA infected mice. Representative micrographs showing the presence of Fibrin strands (anti-Fbg), PMN
(anti-Ly6G), Plts (anti-GPIb), MRSA (anti-S.aureus) and NETs (anti-citrulline H3) within PMN aggregates. Scale Bar, 10 um. (P) Large stitched mosaic scans
(containing 6x6 adjacent ROIs) giving an overview of liver sections of MRSA infected mice. Arrow heads indicate packed Ly6G-pve PMN aggregates (>= 3 nuclei).
Dashed line indicates cropped region shown in Figure 7G. Scale bar,100 pm.

(Qand R) Platelet depleted GPIb;hILR4-mice transfused with MYH9—/— platelets show less PMN aggregates within the liver and have reduced ALT plasma levels
compared to WT-transfused animals. n = 3, mean + SEM, paired t test, * = p < 0.05.

(S) Survival curve of PF4-Cre+/MYH9"" and Control mice receiving a lethal dose of MRSA (i.v.). n = 10; log rank test;, * = p < 0.05.
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Abstract

A portfolio is presented documenting economic, high resolution correlative focused ion beam
scanning electron microscopy (FIB/SEM) in routine, comprising: i) the use of custom-labeled
slides and coverslips, ii) embedding of cells in thin, or ultra-thin resin layers for correlative light
and electron microscopy (CLEM) and iii) the claim to reach the highest resolution possible with
FIB/SEM in xyz. A very small region of interest (ROI) defined in light microscope (LM), can be
re-located quickly and precisely in SEM. As proof of principle, HeLa cells were investigated in
3D context at all stages of the cell cycle, documenting as yet unexplored ultrastructural
changes during mitosis: nuclear envelope breakdown and reassembly, Golgi degradation and
reconstitution and the formation of spindle apparatus, midzone and midbody.
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Abstract

A portfolio is presented documenting economic, high-resolution correlative focused ion beam scanning electron microscopy
(FIB/SEM) in routine, comprising: (i) the use of custom-labeled slides and coverslips, (ii) embedding of cells in thin, or
ultra-thin resin layers for correlative light and electron microscopy (CLEM) and (iii) the claim to reach the highest resolution
possible with FIB/SEM in xyz. Regions of interest (ROIs) defined in light microscope (LM), can be relocated quickly and
precisely in SEM. As proof of principle, HeLa cells were investigated in 3D context at all stages of the cell cycle, document-
ing ultrastructural changes during mitosis: nuclear envelope breakdown and reassembly, Golgi degradation and reconstitution

and the formation of the midzone and midbody.

Keywords FIB/SEM - Golgi - Midzone - Mitosis - Nuclear Envelope

Introduction

Four ultrastructural techniques are established for 3D-recon-
struction of biological specimens: (i) cryo-TEM tomography
highest resolution, but limited in section thickness (approx.
500 nm); (ii) serial block face sectioning (3View®; large vol-
umes; limited resolution and charging problems; (iii) array
tomography (non-destructive; limited resolution in z); and
(iv) focused ion beam scanning electron microscopy (FIB/
SEM) tomography (larger volumes and highest resolution in
z). There is no doubt, that cryo-TEM tomography is the state
of the art technique for structural preservation and resolution
of sub-cellular structures, however, with severe limitations,
when investigating larger volumes in 3D. At present, sec-
tion thickness is 500 nm at maximum, with a macromo-
lecular resolution of about 3 nm. Comparing resolutions of
3View®, array tomography and FIB/SEM-tomography, there
are no significant differences in xy (approx. 5 nm), but only
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possible after metal impregnation. The differences in resolu-
tion in z direction are, however, striking: 3View® and array
tomography with 20 nm section thickness under best condi-
tions, surpassed by FIB/SEM-tomography by a factor of 10
(Xu et al. 2017). As iso-voxels are necessary for adequate
high-resolution 3D-representation in all spatial directions,
FIB/SEM is the only technique allowing iso-voxels below
5 nm for large volumes. In daily routine, LSM data sets of
entire cells can be recorded within few minutes, providing
data for profound statistics, if desired. Corresponding ultra-
structural information is not possible with TEM tomogra-
phy at all, due to volume restrictions. FIB/SEM would offer
both, quantitative and high-resolution data sets of entire
cells, which can be correlated to LM data. CLEM is still
impeded by embedding cells/tissues in resin blocks, due to
complicated and time-consuming relocation of target cells,
insufficient for statistical investigation.

CLEM could be more efficient by preparing biological
samples appropriate for FIB/SEM right from the beginning.
As it is crucial to define the coordinates of a target area for
re-localization in SEM we developed a variety of slides with
coordinates, successively improved for different demands
(Schroeder-Reiter et al. 2012). Our aim was to embed cells
on slides or cover slips within an ultra-thin resin layer (i) for
rapid and precise correlation to LM micrographs and (ii) to
allow FIB-milling in any desired direction. Several modi-
fied protocols are available using thin embedding, but lack

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00418-018-1681-x&domain=pdf
https://doi.org/10.1007/s00418-018-1681-x

Histochemistry and Cell Biology

fixation

75%-100% draini
rOTO epoxy raining
dehydration I I ‘
light microsco, T T polyngerisation
o d (60 °C; 72 h)
= i o
) .;Z';VQZ - N $ .V‘L.:V.: w
VVQ v ., s, s, ’74 v
Vs, Vs, Vs
s A‘:.:V‘ s tx“‘ a 15 .
D » N
S —— ——
f ultrathin embedding _&acetone 75%-100% 50 rapid ransfer
atmosphere epoxy
filter paper
polymerisation
(60 °C; 72 h)
e A

[P
AR
LER AN

ramp
epoxy resin

glass slide

@ Springer

phaco + DAPI




Histochemistry and Cell Biology

«Fig. 1 Ultra-Thin Embedding of Cells: Precise and Economic CLEM.
a—d Close-up photographs of laser marked slides and coverslips with
different coordinates and label properties and corresponding SEM
micrographs. Labels are seen as indentations in SEM, best suitable
for ultra-thin embedding (a, b). For thin embedding, raised labels are
of advantage for better visualization in SEM (c, d). e, f Workflow for
thin (e) and ultra-thin (f) embedding. For thin embedding, a simple
draining of epoxy resin in concentrations from 75 to 100% can be
adequate for larger cells/objects. After centrifugation, the epoxy layer
is significantly reduced, but a slight gradient in thickness at the lower
part of the slide is typical (e). For ultra-thin embedding, a filter paper,
saturated with acetone, is inserted at the bottom of a Falcon® tube
to provide an acetone atmosphere, which prohibits increase of resin
viscosity, occurring within seconds to few minutes. Simple draining
in an upright position results in a very thin resin layer. After cen-
trifugation, the resin layer is extremely thin, surface details of cells
appear to be uncovered (f). g, h Comparison of FIB/SEM milling of
a conventionally embedded cell within a resin block, which requires
a deep ramp (g = side view; g’ = top view) or ultra-thin embedded
on a laser marked slide (h). As a deep ramp is needless, milling and
block face imaging can start directly at the cell (h = side view; h’ =
top view). The volume that has to be milled (pink) for an entire data
set of a cell is reduced to 10% (h, h’). i Bright field light micrograph
of HeLa cells, grown on slide with laser marks (asterisk) serving as
coordinates to retrieve target cells in the SEM (framed area). Scale
bar 100 um. j Phase contrast micrograph of the target region from (i).
Dividing cells are spherical and appear bright (framed area). Scale
bar 10 pm. k Merged DAPI fluorescence and phase contrast micro-
graphs (framed area of j) shows mitotic stages and a target cell (cir-
cle) with upright orientation of the metaphase plate. Scale bar 10 um.
1 Merged SEM and DAPI micrographs of the target area. After ultra-
thin embedding in epoxy resin, the target cell is precisely relocated.
The axis of the metaphase plate is in upright position (dotted line).
Scale bar 10 um. m SEM micrograph of the target cell (FIB image),
oriented for FIB/SEM milling parallel to the metaphase plate. White
line = starting position for milling; magenta line = position of meta-
phase plate; green line = expected position of the distal centrosome.
Scale bar 10 um. n SEM micrograph of the target area shown in (m)
after FIB/SEM milling (framed area). Image acquisition started direct
in front of the cell and stopped just after reaching the desired depth.
Scale bar 10 pm. o, p Selected SEM micrographs from the FIB/SEM-
tomogram (magenta and green dotted line in (m), illustrating the
position of the images shown in (0) and (p). 1100 micrographs cover
the entire metaphase plate including the centrosomes (circle). Arrow
indicates the reference line (slide) for precise alignment. Scale bar 1
um

correlation to LM (Belu et al. 2016; Schieber et al. 2017)
or involve delicate and critical preparation steps for CLEM
(Verkade 2008; Murphy et al. 2011; Rennie et al. 2014;
Booth et al. 2016; Lees et al. 2017; Santoro et al. 2017). In
a recent book chapter the technical possibilities for various
embedding protocols (classical en bloc embedding and thin-
layer plastification) are presented for live cell imaging with
volume scanning electron microscopy (Lucas et al. 2017).
Ultra-thin embedding was adapted in our lab to a wide spec-
trum of biological specimens (from prokaryotes to tissues)
and various fixation techniques. Technical improvements for
precise and economic CLEM focused on following aspects:

e Conservation of cell topography from LM to SEM.

e Adaption of the thickness of the resin layer to any
demand.

e Immediate and precise correlation between LM and
SEM.

¢ Enabling direct access to the target cell to omit a ramp.

e Reduction of the entire milling volume to its minimum,
the cell volume.

e Incorporating the slide as an absolute reference for pre-
cise alignment of the FIB-stack.

¢ Including volume rendering for direct 3D visualization
at high-resolution.

Mouse C2C12 myoblast cells, stable expressing a fusion
of GFP to DNA methyltransferase 1 (GFP-Dnmt1), visible
in late S-phase as many looped or toroidal spots (Leonhardt
et al. 1992; Schneider et al. 2013), were used for determina-
tion of precision of CLEM in a sub-micrometer range. HeLa
cells were investigated in detail for ultrastructural changes
during the cell cycle to illustrate the enormous potential of
this technique, providing new 3D insights in metamorpho-
sis of the Golgi, nuclear envelope breakdown and reconsti-
tution, formation of the midzone and midbody, based on
high-resolution 3D FIB/SEM data sets. The economy of
FIB/SEM was improved by optimizing all technical param-
eters to achieve a voxel-size of 2 X2 X2 nm over hundreds
of sections.

Materials and methods
Cell culture

HeLa Kyoto and mouse C2C12 myoblast cells were kindly
provided by Prof. Dr. Heinrich Leonhardt. Cells were cul-
tured in DMEM (Thermo Fisher Scientific)+ 10% FBS
(GIBCO) and Gentamicin (5 pg/ml) (Thermo Fisher Sci-
entific). Laser marked slides or coverslips (Fig. 1a—d) were
placed in a dish and cells were grown in an incubator at
37 °C, 5% CO, in a water vapor saturated atmosphere, until
an appropriate density on the slides was reached (30-50%).

LM of Hela cells and mouse C2C12 myoblast cells

Slides/coverslips were rinsed with PBS (Thermo Fisher
Scientific) and immediately fixed with 2.5% glutardialde-
hyde (Science Services GmbH, Miinchen) in 75 mM caco-
dylate (Sigma—Aldrich), 75 mM NaCl, 2 mM MgCl, for
30 min, followed by 3 washing steps in cacodylate buffer.
Cells were stained with DAPI, sealed with a coverslip and
Fixogum (Marabu GmbH & Co. KG, Tamm, Germany) to
prevent drying during LM investigation. ROIs were marked
on a template, with the same coordinates (Fig. 1a—d). For
documentation 2-3 different magnifications (Objective: 5x,
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10x, 40x) were sufficient to retrieve ROIs in SEM. Depend-
ing on specimen properties, bright field, phase contrast, DIC
were used. Different areas were documented, as (i) there can
be a loss of few cells and/or damage during handling; (ii)
some cells may show insufficient fixation quality or con-
trast in SEM among neighboring cell, adequate in structure
and contrast. For correlative CLSM of mouse C2C12 myo-
blast cells, overview images were acquired in “tile scan”
mode with a LSM 780 with a Plan-Apochromat 40x/1.3
oil DIC M27 objective (Zeiss, Germany) to select cells in
the desired stage, identified by the characteristic signal of
GFP-Dnmtl. Emission of green fluorescent protein (GFP)
and DAPI was collected using standard filter sets for GFP
(486-564 nm) and DAPI (403-473 nm). Confocal z-stacks
(113.27x113.27 % 15.86 um) were recorded with an image
pixel size of 78 nm in xy and 260 nm in z.

EM preparation

After removal of Fixogum and cover slip, cells were post-
fixed (customized rOTO-protocol) with 1% OsO, and 1%
K,Fe(CN)y in cacodylate buffer for 30 min, washed 3 times
in ddH,0, incubated with 1% thiocarbohydrazide in ddH,O
for 30 min, washed with ddH,O 3 times, followed by post-
fixation with 1% OsO, in ddH,O for 30 min. The samples
were rinsed 3 times with ddH,O and dehydrated in a graded
series of acetone (10%, 20%, 40%, 60%, 80%, 100%), con-
taining a 1% uranyl acetate step in 20% acetone for 30 min,
infiltrated and embedded on the glass slide (Fig. le, f).

Thin embedding

Cell were infiltrated with 1:1 Hard-Plus Resin-812 in ace-
tone for 15 min, 2:1 for 30 min, 75-100% Hard-Plus Resin-
812 for 30 min at RT. Excessive resin was removed by cen-
trifugation (2 min; 1000 rpm) (Fig. le).

Ultra-thin embedding

Cells were infiltrated with 1:1 Hard-Plus Resin-812 in
acetone for 15 min, 2:1 (resin/acetone) for 30 min and 3:1
(resin/acetone) for 30 min. A filter paper, completely soaked
with acetone, was placed at bottom of a Falcon® tube to pro-
vide an acetone saturated atmosphere. A polypropylene cap
was placed on top of the filter paper to avoid direct contact
with the slide. The slide was placed upright into the Falcon®
tube, allowing the excessive resin to drain into filter paper at
the bottom of the Falcon® tube for 10-30 min. If necessary,
an additional centrifugation can be added (2 min, 1000 rpm)
(Fig. 1f).

The samples were polymerized for 72 h at 60 °C. The
size of the glass slides was reduced to appropriate size by
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fracturing with aid of a diamond pen. The specimens were
mounted on an aluminum stubs with colloidal silver.

Conductive coating

Platinum is the metal coating commonly used for scan-
ning electron microscopy (SEM). Due to its high back-
scattered electron (BSE) yield, platinum coating prohibits
material contrast of sub-surface structures. Carbon coating
allows both, high-resolution BSE and topographic second-
ary electron (SE) images, despite the lower SE-yield of
carbon—which is in practice compensated—as for BSE/
energy selective back-scattered electron (EsB) imaging,
larger apertures (60 um) and high current mode are pref-
erentially used. A carbon coating of 15 nm thickness for
FIB/SEM-tomography is preferred to any sputter coating
with heavy metals for the following reasons: metal grains
deposited by sputtering, separate under prolonged exposi-
tion to the electron beam and lead to charging. The high
yield of SE favored by heavy metal coating, images the
upper few nm of the surface. The surface of the specimen
itself is only part of the information needed for correlation
to LM micrographs. Together with the subsurface informa-
tion of the BSE signal, a very precise correlation of LM
data sets is given.

High-resolution SEM

The most important SEM parameters should be picked out
to illustrate the potential for CLEM. For the first step, sim-
ple correlation of size and shape of a specimen in LM and
SEM, working distance has to be large (10 mm) and kV
high (5 kV) to ensure a sufficient low magnification with
acceptable low geometrical distortion in SEM. Although
surface details are best monitored at 1 kV with the inlens
SE detector, correlation with LM micrographs needs as
much as possible depth information. This information is
gathered by the EsB detector (1-5 kV) or at higher kV
(5-30 kV) with the 4-quadrant back-scattered electron
detector (QBSD) detector. Thin layers of resin become
transparent and laser marks are clearly visible. When using
BSE signals, a larger aperture is necessary for a sufficient
signal to noise ratio, which does not influence resolution a
low and moderate kV. The high current mode is of benefit
if the depth of focus is of importance: high current mode
increases the active probe current by a stronger activation
of the condenser lens. The resulting smaller angle of con-
vergence increases the depth of field. LM and SEM images
perfectly match after merging. Only minor corrections, as
rotation and some linear scaling are sufficient for a fast and
precise correlation.
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High-resolution FIB/SEM

HeLa and mouse C2C12 myoblast cells were imaged
in an Auriga 40 FIB/SEM workstation operating under
SmartSEM® (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) or Atlas 3D (Fibics incorporated, Ottawa, Can-
ada). FIB/SEM milling was started right in front of the cell.
Ion beam currents (dependent on the stability of the resin)
of 50 pA to 10 nA were used. Due to ultra-thin embedding,
milling of a trench is needless and direct excess to the target
structure is given (compare Fig. 1g, h, m, n). Dependent on
the desired resolution, image pixel sizes between 2 nm and
10 nm in x/y were chosen. Milling rate was set to 2 nm,
which allows the adjustment of the z-resolution in 2 nm
steps at any time during the FIB/SEM run. Due to metallic
rOTO impregnation of the tissue, carbon coating, conduct-
ing with colloidal silver and, if necessary, Pt-deposition
upon the ROI, charging was completely avoided. The rOTO
impregnation provides a strong material contrast; therefore,
shorter exposure times down to 17 s/image (3072 % 2048
pixel) could be achieved.

3D-reconstruction

The datasets were aligned using Amira™ (Thermo Fisher
Scientific, USA) with the module align slices. The image
stacks, either from CLSM or FIB/SEM were segmented
and reconstructed in Amira™ or processed with an direct
volume rendering algorithm (volren) for immediate visu-
alization. For correlative microscopy of Dnmt1, landmarks,
as characteristic surface details of the nucleus, were used
as reference points to correlate CLSM and FIB/SEM data
sets. With the Landmark Surface Wrap option, the “DAPI
nucleus” was adapted to the “FIB/SEM nucleus” by aligning
the previous set reference points and further optimized by
manual transformations.

Results
Locating target cells in routine

Changes in the 3D ultrastructure of HeLa cells were
studied in the context of developmental and/or func-
tional aspects. The entire EM preparation of cells was
performed on customized laser marked coverslips/slides
to track the position from LM through SEM investigation
(Fig. 1). Several coverslips/slides with different coordi-
nate systems varying in size and type, either engraved or
elevated by a sinter process (Fig. la—d) were produced
for either thin- or ultra-thin embedding (Fig. le, f). After
ultra-thin embedding, the appearance of the cells remains
unaltered from LM to SEM, enabling a fast retrieval of

target cells (Fig. 1i-1). The thickness of epoxy layers can
be adjusted using 75-100% epoxy/acetone mixtures as
final concentrations (Fig. le, f) and adapted by draining
and centrifugation or by an acetone saturated chamber
and an optional centrifugation step (Fig. 1f). Excellent
structural preservation enables easy recognition and relo-
cation of HeLa cells in LM and SEM (Fig. 1i-1). Merging
light micrographs with SEM micrographs, the target cells
fit perfectly (Fig. 11). If thin resin layers obscure laser
markings, increasing the accelerating voltage (3-5 kV)
enhances the overall material contrast. For smooth cell
surfaces, ultra-thin epoxy layers are optimal. If the cell
surface is extremely structured, a thin embedding is
advantageous to avoid curtaining and therefore slides with
elevated coordinates, which poke out and are not covered
by the epoxy resin, are favored (Fig. 1d).

Economic FIB-SEM milling

FIB/SEM miilling of a target cell is very efficient, as the cells
remain on the substrate and thin embedding enables a fast
re-localization of selected ROIs (Fig. 1m, n). Cells, classical
embedded in a resin block, a ramp has to be milled, to get
access to the target ROI (Fig. 1g, g’). With ultra-thin embed-
ding, a ramp is needless, and only the actual volume of the
ROI is ablated without redeposition effects (compare Fig. 1g
with h). The required ablation volume for a single cell within
aresin block is ten times larger, compared to cells after ultra-
thin embedding (Fig. 1g, h). The position and orientation of
sub-cellular structures in top view (e.g., metaphase plate)
can be determined quickly with precision in the micrometer
range (Fig. 1k-m). With ion beam currents of 2-5 nA, an
HeLa cell can be milled to its center within 5-20 min. An
image stack of a centrosomal region with several hundred
micrographs can be recorded with 2 nm iso-voxels within a
few hours (Fig. S1; Movie S1).

Fast imaging and precise alignment

During FIB-milling, the cross section of the glass slide
serves as absolute reference for precise alignment (Fig. 1h,
0, p). Demonstrating the necessity of a reference for immac-
ulate alignment, an image stack including the glass slide as
base line (Fig. S2a) was cropped (Fig. S2b), aligned sepa-
rately and compared in yz view, illustrating striking differ-
ences in shape and position of cellular structures, especially
if they are elaborate and filigree as e.g. ER (Fig. S2a’, S2b’).
For FIB/SEM, the signal of the in-lens EsB detector is stand-
ard. Approaching the resolution limit, applying the inlens SE
signal has several advantages: better resolution, better signal
to noise ratio and much shorter exposure times (Villinger
et al. 2012). With an increased heavy metal impregnation
(rOTO), high-resolution images (3072 x 2048 pixel) can
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The precision of the CLEM workflow is demonstrated by
localization of the DNA methyltransferase 1 (Dnmt1) during
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«Fig.2 CLEM of Dnmtl in mouse C2C12 myoblast Cells. a Light
micrograph (DIC) of mouse C2C12 myoblast cells, stable expressing
GFP-Dnml, grown on a laser marked coverslip and counter stained
with DAPI, imaged in tile scan mode. Scale bar 100 pm. b Scanning
electron micrograph of the target area from a. The coordinates of the
coverslip allow precise re-localization in SEM, as they are visible
after thin embedding (asterisk). Scale bar 100 um. ¢ Light micro-
graph of target cell (phase contrast) merged with DAPI signal. Scale
bar 10 um. d Scanning electron micrograph of the target cell (SE
image). Scale bar 10 um. e-g Maximum intensity projection of confo-
cal image stacks of DAPI (e) GFP-Dnmt1 (f) and merged (g) of the
target cell from (c, d). Scale bar in e and g 10 um; in f 5 pm. h FIB/
SEM micrograph of the target cell in top view (xz). The section plane
shows 4 chromocenters with same arrangement as GFP-signals from
(f). The dotted line marks the position of the block face image pre-
sented in (i). Scale bar 1 um. i FIB/SEM micrograph of the target cell
in front view (xy). The section plane shows the region of the chro-
mocenter 1 (frame). Scale bar 1 pm. j-1 3D visualization by volume
rendering of GFP-Dnmt! signal (j) FIB/SEM nucleus (k) and correla-
tion of both volumes (I). Scale bar 5 pm. m—n Detail of 3 prominent
GFP spots in 3D (m) and corresponding to their ultrastructure, based
on the FIB/SEM volume n. Scale bar in m 1 pm; in n 500 nm. o—q
FIB/SEM micrograph of 3 chromocenters, characterized by an elec-
tron dense core surrounded by a less electron dense hem, identified
and segmented based on their electron density (o) reconstructed in 3D
(p) and merged with the GFP signal (q) demonstrating the co-locali-
zation. Scale bar in 0 and p 500 nm

late S-phase in mouse C2C12 myoblast cells. Dnmtl1 is
enriched in replication foci at chromocenters, when DNA
of peri-centromeric heterochromatin (pHC) is replicated
(Schneider et al. 2013). From target cells, grown on labeled
slides, confocal z-stacks were recorded. Cells can be eas-
ily relocalized after thin embedding by the coordinates and
similar appearance in phase contrast and SEM (Fig. 2a—d).
The data set from FIB/SEM-tomography was examined in
xz-view to facilitate direct comparison to CLSM optical
sections (Fig. 2e-h). The GFP-Dnmtl signal (Fig. 2g, )
correlates with characteristic ultrastructural details: elec-
tron dense regions of heterochromatin, surrounded by a less
electron dense hem, distributed within the nuclear matrix
(Fig. 2h). In multi-planar mode (Amira™), the ROI can
be visualized in any desired direction with high-resolution
(Fig. 2i, h). 3D reconstructions of the confocal image-stacks
were correlated to the FIB/SEM volume to localize and iden-
tify the ultrastructure of Dnmtl. As the LM and FIB/SEM
data sets are different, both, in resolution and orientation of
the axis of their stacks, their surfaces had to be aligned. Due
to the lower resolution, the LM reconstruction was adapted
to the high-resolution FIB/SEM data. The volume of the
nucleus (based on the DAPI signal) was scaled to the 3D
coordinates of the nuclear envelope derived from FIB/SEM-
tomography (Fig. 2j—n). Two different modes for visualiza-
tion can be used: volume rendering (based on threshold of
grey levels), which is very objective but limited, if very large
volumes have to be visualized, as resolution decreases with
depth (Fig. 2n). Manual segmentation is time consuming,
often subjective, but with the advantage of separating and

visualization of several different structural details (Fig. 2o,
p). 3D FIB/SEM reconstructions reveal the electron dense
regions as a core, sheathed in a less electron dense structure,
either completely or in part enwrapping the core (Fig. 20, p).
Dnmtl1 rather corresponds to the hem, than the core. GFP-
Dnmtl1 signals can be generally assigned to similar organi-
zation of the chromatin varying from 0.7 ym to 1.5 ym in
diameter.

Ultrastructural changes during mitosis
Shuttling between nuclear envelope (NE) and ER

3D reconstructions of interphase nuclei reveal their varying
shapes, including invaginations and nuclear tunnels. Nuclear
pores (NP) are discernible as ring structures (+ 120 nm in
diameter), homogeneously distributed (Fig. 3a, a’, a’’).
Examining image stacks through the NE, the outer nuclear
ring complex with its subunits is visible first (Fig. 3a’), fol-
lowed by a circular opening in the NE and the inner nuclear
ring complex (Fig. 3a’”). In prophase, the NE opens at
several positions toward both centrosomes, giving access
to microtubules (MTs) to enter the nucleus (Fig. 3b, b’).
NPs lose their ring complex, either in part or complete and
their diameter is variable (Fig. 3b’). Concurrently, the NE
becomes fenestrated and the distribution of the (former) NPs
becomes inhomogeneous (Fig. 3b’). During metaphase, the
NE is transformed into an ER-cage encompassing the chro-
mosomes (Fig. 3c, ¢’, a). 3D reconstruction shows a fenes-
trated ER-cage, open at two ends toward the centrosomes
(Fig. 3c). The fenestration of the NE is best illustrated by
volume rendering (volren) (Fig. 3¢’). NPs were not detected
within the ER-cage. With mitotic progression, the cage
stretches, but continues to encompass the chromosomes
(Fig. 3c). In anaphase, the chromosomes form a disc-shaped
mass with a rim region, a proximal side facing the spindle
pole and a distal side facing the cell interior (Fig. 3d). With
anaphase progression, a striking contact of ER-sheets with
the surface of the chromosome mass at the rim is observed
(Fig. 3d, e, g, h; Movie S2). In transition from fenestrated
ER to a reassembled NE, smaller openings (diameter:
+125 nm) are locally concentrated. NPs with nuclear pore
complexes (NPCs) become visible in anaphase when ER-
sheets are encompassing the chromosomes (Fig. 3h’). In
anaphase-B, the NE outlines the chromosome shapes of the
daughter nuclei (Fig. 3e, €’, h, h’). Interruptions in ER-sheets
between neighboring chromosomes indicate the origin of
nuclear tunnels (Fig. 3h, h’). In telophase, the NE is com-
pletely reconstituted with randomly distributed NPs. Nuclear
invaginations and tunnels are visible, varying in number (up
to 5 or even more) (Fig. 3f, f°, i, i’). Within the nuclear
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«Fig.3 Nuclear envelope breakdown and reconstitution. a—c
3D-reconstruction (a—c) and volume rendering (a’—¢’) of the nuclear
envelope (NE; yellow) and chromatin (Ch; purple) of HeLa cells in
inter- (a), pro- (b) and metaphase (c) with their centrosomes (tur-
quoise). a, a’, a”” The nuclear pores are evenly distributed across the
NE in interphase (a). Volume rendering of the NE, in view from the
cytoplasmic side (a’) and from the nuclear matrix (a’’). High-reso-
lution (2 nm iso-voxel) of the outer and corresponding inner nuclear
pore complexes with their subunits (1-4). Scale bar in a 1 um; in a’
and a’> 100 nm. b NE in prophase with several openings (asterisk),
towards the centrosome. MTs start to enter the NE. Scale bar 1 um.
b’ With onset of NE degradation in prophase, the NE opens, facing
the centrosome (asterisk). The regularly arranged NPs (rectangle)
with their NPCs disappear, leaving holes of irregular sizes and shapes
(circle) unevenly distributed over the NE. Scale bar 500 nm. ¢ The
metaphase NE transforms to a fenestrated ER-cage surrounding the
condensed chromosomes (Ch), open at the poles, where the centrioles
(circle) are located. Scale bar 1 um. ¢’ Volume rendering of a meta-
phase cell illustrates the fenestrated ER-cage without NPCs (circle),
surrounding the condensed chromosomes (Ch). Typically, some mito-
chondria (M) enter the (former) nuclear matrix. Scale bar 1 pm. d
3D-reconstruction of the NE in anaphase. ER-sheets (yellow) encom-
pass the chromosomes (purple) starting at the rim and the proximal
side of the chromosome mass. The ER cage (derived from NE break-
down) is still preserved (light yellow). See Movie S2. Scale bar 1 pm.
e During anaphase-B, ER-sheets creeping over the condensed chro-
matin, tightly covering the chromosome arms, still presenting their
typical anaphase shape (e’). Scale bar 1 um. f, f* 3D-reconstruction of
a telophase NE with several nuclear invaginations (circle) and tunnels
(rectangle). Scale bar 1 um. g, g’ Anaglyph images of anaphase-A/B
from (d) show the discontinuous covering of the chromatin (facing
the centrosome) by ER-sheets. NE formation at the chromatin, dis-
tal to the centrosome, is retarded. g’ Higher magnification form (g),
an ER-sheet in transition from fenestrated ER to attachment to the
chromatin, forming the NE. Scale bar 1 pm. h, h’ Anaglyph images
of anaphase-B (from e) demonstrating the formation of nuclear tun-
nels by attachment of ER-sheets and tubular ER between neighbor-
ing chromosome arms (arrows). Typically, lipid bodies (LB) and
mitochondria are located within the region of the spindle apparatus.
Square: centrioles; circle: nuclear pore with typical pore complex.
Scale bar 1 pm. i, i’ Anaglyph images of telophase from (f). Nuclei
(N) of telophase cells, with almost decondensed chromosomes and
formation of nucleoli (n). Daughter cells are still connected via mid-
body (framed area). Typically, several nuclear tunnels and invagina-
tions are present in telophase (arrows). Scale bar 1 pm

tunnels, strands of ER and bundles of MTs are frequently
present.

Formation of midzone and midbody

With high-resolution FIB/SEM, kinetochores (KC), char-
acterized by their tripartite appearance, are documented on
+40 consecutive longitudinal sections (Fig. 4b-b’’ and Fig.
S3). Their diameters vary between 200—450 nm (Fig. 4b—d).
Distal to the chromatin, a larger disk is located (outer KC),
followed by a diffuse layer, adjacent to a second, slightly
smaller disc (inner KC) attached to or embedded in the chro-
matin (Fig. 4b, ¢). Due to the high-resolution in xyz (2 nm
iso-voxel) individual MTs, discerned as two parallel lines in
longitudinal sections with a diameter of approx. 25 nm, can

be tracked over several sections (Fig. 4b, b’, b’ and Fig. S3).
During anaphase, MTs of the central spindle are attached in
parallel to the flanks of the chromosome arms (Fig. 4d). With
onset of anaphase, long electron dense strands (0.5-2 um)
are observed, either located halfway between the separat-
ing chromatids or emanating from the telomeric regions of
the chromosomes (Fig. 4d—f), always attached to microtu-
bules (Fig. 4d—g). Structurally, they are similar to chromatin
(Fig. 4d, e). With progression to anaphase-B the midzone
is formed: single, electron dense, spindle like structures
(Fig. 5a) or aggregates, which we designate as “clamps”
(Fig. 5b—d), with a length of up to 2 um, are arranged in a
plane (=midzone) (Fig. Sb—e; Movie S2). Single spindles
bundle 2-4 MTs (Fig. 5a); larger clamps bundle up to 25
MTs (Fig. 5—e). With increasing aggregation, the clamps
reduce in length to +0.6 um (compare Fig. 5a, d). In later
stages they form a compact structure, the midbody (Fig. 5f,
g; Fig. S4b). With onset of cytokinesis, densely packed MTs
passing the midbody are still visible (Fig. 5f, g; Fig. S4a),
ending as bundles in the daughter cells (Fig. 5f, g). Vesicles,
vesicular—tubular clusters (VTCs) and tubular ER are located
between the MT-bundles, till to the center of the midbody
(Fig. 51, g). A compact midbody can be already formed, even
though the envelope of the telophase nuclei has not been
reconstituted for each nucleus separately. In this case nuclear
bridges are crossing the midbody (Fig. S4). From telophase
to cytokinesis the daughter cells move apart, while forming
elongated tubular structures (Fig. S4b, S4c), connected to
the midbody, which remains in its position. Cytokinesis is
characterized by separation of the midbody from the daugh-
ter cells (abscission). The tubules exhibit a segmentation by
membrane adhering substructures (Fig. S4c), forming sort
of short helices similar to structures, described as cortical
filaments in the constriction zone of HeLa cells with TEM-
tomography (Guizetti et al. 2011; Fededa and Gerlich 2012)
and with soft X-ray cryo-tomography (Sherman et al. 2016).

The Golgi ribbon is not a ribbon

In interphase, large dictyosomes are present with distinct
cis- and trans-sites, 3-(5) cisternae and abundant peripheral
vesicles (Fig. 6a). Dictyosomes cluster at one side of the
nucleus in the vicinity of the centrosome forming a network
of approx. 30 two-dimensionally interconnected stacks
(0.75-3 pm in diameter) (Fig. 6b). The Golgi-network is
generally cup-shaped but can form a complex 3D archi-
tecture (Fig. 6b; Movie S3). In all interphase cells, some
single dictyosomes were randomly distributed. Bundles of
actin are present in interphase and all stages of mitosis (Fig.
S6). Characteristic is their package of numerous thin elec-
tron dense fibrils (Fig. S5), the thinnest with diameters of
6-8 nm. Locally, groups of rather flat electron dense vesi-
cles, aligned in a row, are frequently observed in contact to
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«Fig.4 From meta- to anaphase: kinetochores and midzone forma-
tion. a Chromosomes (Ch) of a metaphase plate surrounded by a
fenestrated ER-cage (arrows). Several layers of ER-sheets at the spin-
dle poles are in contact to the centrosomes (circles), probably acting
as an anchor. Scale bar 1 pm. b, b’, b>’> Due to an ablation rate of
only 6 nm/section, single MTs, attached to the kinetochore are vis-
ible on several consecutive FIB/SEM micrographs. Scale bar 100 nm.
¢, ¢’ 3D-reconstruction of sister kinetochores with their disc-like
structure of the larger outer kinetochore (pink) and the smaller inner
kinetochore (green). 67 MT are attached to the kinetochore. ¢’ =
detail of c. Scale bar in ¢ 500 nm; in ¢’ 100 nm. d Anaglyph image
of microtubules (arrowheads) passing the chromosomes flanks, act-
ing as central spindle MTs. Electron dense strands (arrows) seem
to be pulled out from the ends of the chromosomes by MTs. Cir-
cle marks the kinetochore. Scale bar 500 nm. e Anaglyph image
of strands of chromatin (arrows), in contact to MTs, emanate later-
ally from the chromosome arms in anaphase-A. Scale bar 500 nm. f
Anaglyph image (volume rendering at low resolution for high depth
information) of clamp-like structures are arranged midway between
the dividing chromosomes (rectangle) in anaphase-A. Characteristic
for the midzone is the presence of numerous, electron dense single
or aggregated vesicular—tubular clusters (circle). Scale bar 500 nm. g
Anaglyph image of 3D-reconstruction of chromosomes and midzone
in anaphase-A. Clamps (red) are up to 2 pm long and bundle MTs
(for clarity only a few are labeled). Halfway between the separating
chromosomes (purple), they are arranged in a plane. Numerous vesic-
ular-tubular clusters (circle) are located within the midzone. Scale bar
1 pym

actin-bundles (Fig. S5b, b’). Sickle-shaped ribbons of actin
follow the contour of the Golgi (Fig. 6b; Fig. S5¢, ¢’, d, d’)
and numerous microtubules and/or microfilaments interlace
the space between the interconnected dictyosomes (Fig. 6a,
b). Clouds of vesicles fill the space between the Golgi stacks.
Primary endosomes, late endosomes and strands of tubular
ER are densely packed (either by attachment or intercon-
nected), within the cloud of dictyosomal vesicles, that a dis-
crimination in 2D is hardly possible (Fig. 6¢c; Fig. S5¢c, ¢’).
During prophase, the connections between the dictyosomes
and the stacks of disc-shaped cisternae are lost and the entire
Golgi disintegrates into clouds of vesicles (Fig. 6d; Fig. S6a,
a’), still retaining the 3D organization of the Golgi in inter-
phase (Fig. 6i; compare with Fig. 6b). The vesicle clouds
remain in contact to both endoplasmic reticulum (ER) and
numerous endosomes (Fig. 6d; Fig. S6a). Strands of actin
are randomly distributed between the clouds of vesicles (Fig.
S6a, a’). Compared to interphase, the amount of MTs inter-
lacing the Golgi is reduced significantly (Fig. S6a). Volume
rendering of 100-150 nm thick layers reveals the vesicles as
vesicular—tubular clusters (VTC), or ER-Golgi intermedi-
ate compartments (ERGICs) (Fig. 6d, e; Fig. S5a). In pro-
metaphase, the disintegration of the Golgi progresses by a
reduction of the volume (not number) of the vesicle clouds
(Fig. 6e). In metaphase, only a minor fraction of dictyosomal
stacks was still present, lacking the typical parallel cisternae
(Fig. 6j; Fig. S6b). In anaphase only very few rudimentary
dictyosomal stacks were present, scattered in the cytoplasm
(Fig. 6k; Fig. S6c); MTs were not observed in their vicinity.

In telophase, dictyosomes reappear (Fig. 6-h), the major
fraction reassembling in proximity to the centrosome or
opposite of the nucleus near the midbody (Fig. 61). They
were not inter-connected, ranging from rudimentary (Fig. 6f,
g; Fig. S6d) to mature dictyosomes, with their typical cis-
and trans-site (Fig. 6h). After dictyosomal reassembly, VTCs
are present at the cis-sites (Fig. 6h). MTs and bundles of
actin are visible again, crossing the dictyosomes (Fig. S6d).
From telophase to interphase, increased aggregation of dic-
tyosomes forms the characteristic architecture of the Golgi
again.

Interconnected system: ER, endosomes and lipid
bodies

The ER forms an extensive network, which consists of sheets
and tubules (Fig. 3g, h, a and Fig. S7a). Independent of the
stage of the cell cycle, fenestrated sheets are predominantly
found in the cell periphery (Fig. 4a). In interphase, tubular
ER typically interlaces the bulk of cell organelles located
at one side of the nucleus. From pro-meta- to anaphase,
ER is typically cap-shaped with approx. 3 parallel layers at
both poles (Fig. 4a), significantly reduced from anaphase to
telophase to one (if any) polar ER-sheet beneath the plasma
membrane. Numerous small VTCs are always distributed
within the cytoplasm (Fig. S7b—d). Although variable in size
and shape, 3D reconstruction reveals a basic “monomer”
structure: short strands of extremely thin, straight or forked
tubules, terminated by small vesicles (Fig. S7b—d). Larger
aggregates form spider-like discs (Fig. S7c, d). In interphase,
although present in large numbers, VTCs are difficult to
detect, as they are cryptic between the cell organelles.

Lipid bodies (LB) are prominent structures in all stages
of the cell cycle. The number of LBs per cell varies from
30 up to 120. They have a maximal diameter of 1 pm, are
irregularly shaped with an uneven electron dense cortex, a
middle layer and an inner core (Fig. 7a—d). Nearly all LBs
exhibit multiple connections to the ER (Fig. 7a—d) and are
in close vicinity to endosomes and dictyosomes (Fig. 7a),
implicating a functional relation. Characteristic for a fraction
of LBs are electron dense, knob-like protuberances at their
surface (Fig. 7d) and an accumulation of small granules or
vesicles close to their cortex (Fig. 7c, d’).

Endosomes are abundant (100-250 per cell) in all stages
of the cell cycle in HeLa cells (Fig. 7a, e, f). All endosomes
are almost spherical, with a diameter ranging between 0.5
and 1.2 um (Fig. 7a, f). Typically, they are connected to the
lumen of the ER (Figs. 6f, 7f) and in contact to dictyosomes
(Fig. 6f). Three major types of endosomes can be catego-
rized: (i) primary endosomes = cup-shaped ER, partially
filled with vesicles and VTCs connected to their ER-derived
membrane (Fig. 7e, e’); (ii) late endosomes =enclosed
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Fig.5 From Midzone to Mid-
body. a, a’, a’> Clamps are built
up of single spindle like units
(a), which bundle 2-3 MTs

(a’, a”%). At higher magnifica-
tion, two different zones can

be distinguished (a’, a’’): a
matrix (pink), bundling MTs
and attached VTCs (yellow).
Scale barina 1 um; a’ and a”’
500 nm. b, b> With anaphase
progression, clamps become
more electron dense, begin to
cluster and bundle several MTs.
Scale bar 1 um. ¢, ¢’ Clamps

in anaphase-B increase in size,
simultaneously decreasing in
number, by intertwining. Scale
bar 1 um. d Anaglyph image

of clamps of the midzone

in anaphase, discernible as
electron dense structures, which
are formed by aggregation of
several spindle units, bundling
numerous MTs. Inset: Next

to the clamps, electron dense
granular structures, intercon-
nect single MTs (arrowheads).
Scale bar 500 nm. e Anaglyph
image of 3D-reconstruction

of a midzone in anaphase-B.
Clamps (pink) aggregate, bun-
dling numerous MTs. Nuclear
envelope reconstitution starts
by attachment of ER-sheets

and tubular ER (yellow), to the
condensed chromosomes (blue).
Scale bar 5 um. f, f* Anaglyph
image of midbody in early
stage of its formation during
telophase. Bundles of MTs
permeate the midbody (arrows);
tubules and vesicles fuse with
the midbody (arrowheads).
Scale bar 500 nm. g, g’ With
progression of cytokinesis, the
midbody (pink), visible as com-
pact electron dense structure,

is located between dividing
daughter cells. Microtubules are
still present, passing through
the midbody and ending diffuse
in each daughter cell. (D =dic-
tyosomes; E =endosomes;

ER =endoplasmic reticu-

lum; M = mitochondrion;
N=nucleus). Scale bar 500 nm
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endosomes including collapsed membranes or vesicles
(Fig. 71, f); (iii) endosomes with a homogenous, rather
electron dense matrix, representing endo-lysosomes (Fig.
S6a, a’).

Discussion
Metamorphosis of the nuclear envelope

For HeLa cells there are detailed LM investigations on the
transition from NE to ER and back to NE (Anderson and
Hetzer 2008; Lu et al. 2009). Although the NE disappears
as an integral structure in metaphase, large areas of ER-
sheets, derived from NE, still outline the shape of the NE
(Figs. 3c, 4a) as shown by live cell imaging (Anderson
et al. 2009). The NE perforates at the regions facing the
centrosomes (Figs. 3b, 4a) in accordance to CLEM data
(Domart et al. 2012), allowing MTs access for attachment
to kinetochores (Fig. 3b). It is obviously an important
strategy of the NE/ER-cage to neatly separate the chro-
mosomes from cytoplasmic constituents during mitosis.
Maximum compaction of the chromatin is reached in late
anaphase (Mora-Bermudez et al. 2007), necessary for
wrapping of the chromosomes by ER-sheets (Fig. 3d, e,
g—h; Movie S2) as shown by LM (Anderson and Hetzer
2008; Anderson et al. 2009; Lu et al. 2009). The center
of chromosome bulk is not covered completely due to the
uneven chromosome topography and reduced accessibil-
ity for ER-sheets (Fig. 3d, e, g, h; Movie S2), resulting in
formation of tunnels through the nucleus in telophase, that
persist absolutely until interphase (Fig. 3f, i), as shown for
numerous organisms (for review see: Malhas et al. 2011).

Essential role of clamps for midzone formation

The paradigm that chromosome segregation is mandatory
dependent on MT attached to kinetochores has to be atten-
uated by observations of kinetochore-independent segrega-
tion in C. elegans: lateral microtubule—chromosome asso-
ciations, established during pro-metaphase, remain intact
during anaphase to facilitate separation (Muscat et al.
2015). Attachment of MTs to chromosome arms is also
typical for HeLa cells, as shown during anaphase (Fig. 4d).
Spindle-MTs are attached to the flanks of chromosomes
and characteristic electron dense strands, emanating from
their telomeric regions (Fig. 4-g). According to structural
criteria (electron density, granularity) these strands are
simply interpreted as chromatin. DAPI staining may be too
weak in intensity to visualize these thin strands within an
entire nucleus in presence of condensed bulk chromatin.
Further experiments with state of the art super-resolution

LM and staining with the most sensitive fluorescent dyes
e.2. YOYO-1 could provide specific information already
at the LM level during anaphase-A (Pyle and Chen 2017,
Rocha et al. 2017). These strands are withdrawn from the
chromosomes, which could be explained by pulling forces
from the MT-movement. As they are apparently involved
in formation of the later midzone, it is hard to believe
that a substantial amount of chromatin is spent to build a
rather solid structure (midbody), needed for cell fission.
An explanation could be, that the translocation of chromo-
somal passenger complexes (CPC), from the centromeric
region along the chromosome arms, is mediated by MTs
attached to chromatin, due to their increased microtubule
binding affinity (Hiimmer and Mayer 2009) (Fig. 8). As
chromatin condenses further during anaphase (Mora-
Bermiudez et al. 2007), the protuberances are obviously
retracted into the chromatin bulk.

Clamp-like structures were already published since the
60th with high quality TEM micrographs, either just named
“fibrillar substances” (Buck and Tisdale 1962), “midbody”
(Robbins et al. 1968), “CENP-E cross-links” of the inter-
zonal microtubules (Yao et al. 1997), or as an accumulation
of dynamin, shown by immuno labeling (Thompson et al.
2002). The characteristic shape of the clamps, 0.5-2 um
long strands, and their orientation in a plane between sepa-
rating chromosomes (midzone) (Figs. 4f—g, Sa—e; Movie
S2), match in size and spindle shape with LM localization
of PRC1, MKLP1, KIF4 and CPCs (comprising Aurora B,
INCENP, borealin and survivin), as shown by Kurasawa
et al. (2004) and presented in detail by publications from
the Earnshaw group (for review see: Carmena et al. 2012)
(Fig. 8). PRCl1 is responsible for cross-linking of overlapping
antiparallel microtubules (Schuldt 2010). We, therefore, con-
clude, according to published data, that the electron dense
matrix of the clamps (Fig. 5a) mainly represents microtu-
bule-associated proteins (PRC1), microtubule-based motor
proteins (KIF4) and chromosomal passenger complexes
(Aurora B, INCENP, borealin and survivin), which bundle
and stabilize antiparallel microtubules, thereby forming the
midzone (Carmena et al. 2012). 3D-reconstructions reveal
that VTCs are attached to the microtubule bundling matrix
of the clamps (Fig. 5a), described as “midbody vesicular
complexes” in 1969, based on TEM micrographs (Robbins
and Jentzsch 1969). The observed clusters of small membra-
nous vesicles located close to the clamps, were assumed to
provide a morphological basis for spindle elongation (Rob-
bins and Jentzsch 1969). As it is likely that small vesicu-
lar—tubular structures are Golgi derivatives, intermediate
compartments (IC) are candidates, representing the vesicles
aggregates. This is supported by investigations of NRK cells,
providing evidence that the permanent IC elements func-
tion as way stations during dispersal of Golgi components at
prometa- and metaphase, indicating that they correspond to
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the Golgi clusters (Marie et al. 2012). Although the IC ele-
ments maintain their clustering at the spindle poles during
metaphase to telophase, they also associate with the central
spindle, imaged with high-resolution CLSM (Marie et al.
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2012). As division of plant cells is much different compared
to animal cells, especially concerning centrosomes and mid-
body, there is a fascinating conformance, shown by detailed
ultrastructural investigation with electron tomography of
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«Fig.6 Golgi disintegration and reassembling. a SEM micrograph
of an interphase Golgi apparatus. Single dictyosomes (D) are inter-
connected by shared single cisternae (green arrows). Abundant
Golgi vesicles (V), primary endosomes (PE) and mitochondria (M)
are located in between. MT (white arrows) and actin filaments (red
arrow) interlace the Golgi. Scale bar 1 um. a’ 3D-reconstruction of
the interphase Golgi apparatus (of a) illustrates its 3D architecture.
White lines representing a fraction of MTs, which interlace the Golgi-
network. Actin fibers (red), circumjacent the cup-shaped Golgi. See
Movie S3. Scale bar 1 um. ¢ Anaglyph image of the Golgi-network
in interphase, revealing its three-dimensional architecture by inter-
connected dictyosomes (D). Several endosomes (E), vesicles (V) and
mitochondria (M) are present in between. Scale bar 1 um. d Golgi
in early prophase, disintegrating synchronous into stacks and clouds
of vesicles and vesicular—tubular clusters. High-resolution reveals
that ERGICs (inset) represent the major fraction of the cloud, rather
than single vesicles. Scale bar 1 um; inset 100 nm. e Disintegrating
Golgi in pro-metaphase: only rudimental dictyosomes (D), formed
of vesicular—tubular clusters are present (inset). Scale bar 1 um; inset
100 nm. f, g The Golgi reassembles in telophase. Single, separated
dictyosomes form stacks of few cisternae. Typically, they are in direct
contact to ER, primary endosome (PE) (f) and lipid bodies (g). Both,
endosomes and lipid bodies have at least one or several connec-
tions to the ER. Scale bar 500 nm. h Anaglyph image of a dictyo-
some formed in telophase. Single dictyosomes (D) with characteristic
cis- and trans-site are in contact to ER, lipid bodies and endosomes.
ERGICs (framed area) are typically observed at the cis-site. Scale
bar 1 um. i-1 Representative 3D-reconstructions of the entire Golgi
apparatus (orange), chromatin (purple) and centrosomes (blue, encir-
cled) at different mitotic stages. Scale bars 5 um. i With onset of pro-
phase the Golgi disintegrates rapidly into single dictyosomes, which
collapse synchronous into clouds of vesicles and vesicular-tubular
clusters. j After Golgi disassembly, several small, rudimentary dicty-
osomes and/or vesicle clusters are present in metaphase. k Only few
rudimentary dictyosomes and vesicle clusters are still present in ana-
phase. 1 In telophase, groups of typical dictyosomes, sometimes inter-
connected, are visible in close proximity to the centrosome (circle)
and on the opposite side of the nucleus

meristem cells of Arabidopsis, preserved by high-pressure
freezing (Segui-Simarro et al. 2004). The phragmoplast, a
homologous structure to the midzone/midbody is formed by
accumulation of a vesicle cloud followed by tubulo-vesicu-
lar network (TVN) (Segui-Simarro et al. 2004). Correlative
high-resolution CLSM in combination with FIB/SEM could
provide important structural information for elucidating the
first steps of midzone formation.

Golgi transition

The Golgi has been studied extensively in structure and
function (Siitterlin and Colanzi 2010; Wang and Seemann
2011; Yadav and Linstedt 2011; Gosavi and Gleeson 2017;
Wei and Seemann 2017). 3D-EM techniques made data
available for the Golgi of plants (Stachelin and Kang 2008)
and mammals (Ladinsky et al. 1999; Marsh and Pavelka
2013; Koga et al. 2017). Telophase is most instructive to
understand the metamorphosis of the Golgi. The first stacks
reappear, distributed in the cytoplasm close to endosomes

and lipid bodies, and in contact to ER (Fig. 6f, g). As small
clouds of vesicles accompany the first dictyosomes, still
reduced in cisternae, their reconstitution from vesicles is
likely. Different models exist for Golgi dis- and reassembly
during cell division: (i) upon disassembly, Golgi vesicles
are completely integrated into the ER, and with onset of
telophase, reassemble out of the ER (Zaal et al. 1999; Altan-
Bonnet et al. 2006); (ii) ER and the Golgi are considered
as independent compartments: the Golgi-network disinte-
grates into COPI vesicles that are distributed via MTs, and
reassembles from these vesicles after mitosis (Jesch and
Linstedt 1998; Jokitalo et al. 2001; Seemann et al. 2002;
Axelsson and Warren 2004). Within the last two decades
it became evident, that the Golgi (beside the centrosome)
acts as a microtubule organization center (MTOC) (Chabin-
Brion et al. 2001; Nakamura et al. 2012; Zhu and Kaverina
2013; Rios 2014; Sanders and Kaverina 2015; Nishita et al.
2017). Earlier studies have shown that the Golgi reassembly
dependents on the actin and microtubule cytoskeleton and
their associated molecular motors, which are responsible for
transport of vesicular carriers (Brownhill et al. 2009; Tang
and Wang 2013), supported by the presented 3D-reconstruc-
tions (Fig. 6b; S5; Movie S3).

Membrane carousel: ER, Golgi, endosomes and lipid
bodies

For single-copy cellular elements (chromosomes, cen-
trosomes), a duplication before cell division is essential
(Birky 1983). Autonomic mitochondria have to be separated
to equip both daughter cells with an adequate population
(Birky 1983). All cell constituents present in large numbers
or can be synthesized de novo, can be divided in parts of
their population (Birky 1983; Lucocq et al. 1987; Lucocq
and Warren 1987). The Golgi, predominant in interphase,
disintegrates rapidly with onset of pro-metaphase into clouds
of vesicles (Fig. 6d, e). In contrast, ER, endosomes and lipid
bodies are present all the time during mitosis (Fig. 7). All
types of endosomes and endo-lysosomal compartments are
directly interconnected with ER (Fig. 7f), forming a com-
mon network as shown by light and electron microscopy
in Cos-7 cells (Friedman et al. 2013), neurons (Wu et al.
2017) or recently in HeLa cells, were contact sides to early
endosomes and late endo-lysosomal compartments are iden-
tified with CLEM by (Fermie et al. 2018). There may be
principally two different pathways for endosome turnover,
summarized by (Huotari and Helenius 2011). A “recycling”
pathway characterized by uptake of exogenous material
via early endosomes, defined initially as the compartment
that first receives incoming cargo and fluid (Helenius et al.
1983) and a cytosolic “degradation” pathway, involving
early endosomes, late endosome and lysosomes (for review
see: Huotari and Helenius 2011). It is implicated, that the
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«Fig. 7 Interconnected system: ER, endosomes and lipid bodies. a
During all stages of mitosis, endosomes (E), Lipid bodies (LB) and
Mitochondria (M) are in compact vicinity to each other and inter-
connected by ER. (Anaglyph image) Scale bar 1 um. b Lipid bod-
ies, characterized by their electron dense cortex, are circumjacent
and in contact with ER-sheets. (Anaglyph image) Scale bar 1 um. ¢
Formation of lipid bodies. Cup-shaped LBs are surrounded by elec-
tron dense granular structures (G), which seem to fuse with the cortex
of the LBs. (Anaglyph image) Scale bar 1 pm. d/d’ Lipid body (LB;
grey), in contact with ER. The LB consists of 3 zones: an electron
dense “rough” cortex (1), a less electron dense middle layer (2) and
an electron translucent core (3). A cloud of electron dense granules
(G) is in direct contact with the LB (d’). Numerous, single granules
are in contact with the LB surface (d; arrowheads). Scale bar 500 nm.
e/e’ Primary endosome, which is connected to the lumen of the ER
(yellow). Vesicles and small tubules start to form an open, hollow
sphere, including vesicles and membranous structures (asterisks).
Scale bar 500 nm. f/f* Different types of endosomes, connected to the
same strand of ER, containing membranous structures (1), small vesi-
cles (2; 4) or a mixture of vesicles, granules and electron dense inclu-
sions (3). Scale bar 500 nm

recycling pathway provides the early endosomes, necessary
for the degradation pathway. Based on 3D-data we conclude
that early endosomes (sensu stricto) are not necessary for an
endosome carousel: formation of cup-shaped ER and accu-
mulation/fusion with (dictyosomal) vesicles resulting in a
characteristic structure, here defined as “primary endosome”
(PE), which is transformed during maturation, further incor-
poration of vesicles and degradation of vesicle membranes
to late endosomes and possibly lysosomes. It is difficult to
discriminate between endosomes and lysosomes, as their
transition is very dynamic, contradictory to a strict func-
tional separation (Fermie et al. 2018). LAMP-1 is referred as
an specific marker for lysosomes (Gowrishankar et al. 2015);
however, a recent correlative light and electron microscopy
study showed, that LAMP-1-GFP not only correlates with
lysosomes, but with all types of endosomes and endo-lys-
osomal compartments, verified by FIB/SEM microscopy
(Fermie et al. 2018). Identifying lysosomes by fluorescence
microscopy, using LAMP-1-GFP, may therefore lead to
incorrect interpretations concerning lysosomes.

The role of lipid bodies (lipid droplets) has been less
clear, as there is only limited ultrastructural information
available (Beller et al. 2008; Farese and Walther 2009; Soni
et al. 2009; Gao and Goodman 2015). Lipid bodies were
long perceived as inert fat particles in animal systems and
been largely ignored by cell biologists (Farese and Walther
2009). Interest in the organelle’s cell biology has exponen-
tially increased over the last decade due to the link between
LBs and prevalent human diseases (for review see Pol et al.
2014). Typically, LBs are spherical, have a half-unit mem-
brane (Yatsu and Jacks 1972; Martin and Parton 2005), a
homogeneous matrix and are formed at the ER in animals
(Martin and Parton 2005; Thiam and Beller 2017) and in
plant cells at the ER or plastid membranes/envelope (Wanner

et al. 1981). ER-sheets enwrapping the LBs is characteristic
for both, plants, animals e.g. HeLa cells (Soni et al. 2009),
fibroblasts (Martin and Parton 2005), U937 cells (Wan et al.
2007) and Huh7 cells (Fujimoto and Parton 2011). For HeLa
cells the contact between LB and ER was quantified, show-
ing that ER-lipid body and ER-endolysosome association is
characteristic, deduced from single ultra-thin sections and
confirmed with 3D reconstruction with TEM-tomography
(Zhao et al. 2017). Typical for LBs is the electron dense
cortex, enhanced in contrast by fixation with ferrocyanide-
reduced osmium/thiocarbohydrazide/osmium (=rOTO) also
shown for HeLa cells by Zhao et al., (2017) and for human
mast cells, however, fixed with 2% glutardialdehyde and
1% osmium tetroxide only (Dichlberger et al. 2011). The
lipid body cortex is always in contact with ER (Fig. 7a—d)
and frequently accompanied by vesicles (Fig. 7c, d). The
striking accumulation of Golgi vesicles in prophase, paral-
leled by vesicle clouds, which are in contact to lipid bodies
(Fig. 7a—d), is interpreted as interplay of dictyosomal deriva-
tives with lipid body formation.

The attempt of quantifying lipid bodies for volumetric
and for balancing with Golgi membrane and ER volume
(provided by the segmentation data), was impeded by the
fact, that their number per cell varies widely. Even in divid-
ing cells (telophase), one daughter cell can contain much
more lipid bodies compared to the other. When calculating
the volume of a Golgi (approx. 36 stacks, each with 3 cister-
nae) and transforming the membrane area into vesicles (size:
40-80 nm), 360.000 vesicles would be formed. However,
compressing the vesicles to the volume of their membrane
lipids, the resulting lipid volume would be only 1 um?, fitting
into 5 lipid bodies, which is only a minor fraction of those
observed (approx. 80/per cell). If the membrane volume of
the Golgi disappears rapidly via vesicles into the ERELB,
significant ultrastructural changes cannot be expected, par-
ticularly since the numbers of LBs and endosomes per cell
vary widely.

Our data strongly support a formation of endosomes by
aggregation of vesicles presumably of dictyosomal origin
with direct involvement of ER, forming at least for some
time, a luminal connection. As the ER strands are wound
around the endosomes like an “umbilical cord”, the lumi-
nal connection between ER and endosome matrix will be
rarely seen convincingly in ultra-thin sections with TEM.
As ER is intimately connected with other organelles, shown
by 3D reconstruction (Fig. 7) we postulate that ER, LBs and
endosomes play an essential role in membrane turnover of
HelLa cells. According to the 3D data, the ER-endosome-
lipid body system, here defined as “ERELB”, forms a per-
manently maintained system, playing the leading role for
the turnover of the endomembrane system, discussed since
decades in numerous variants based on LM and EM studies
(e.g., English and Voeltz 2013; Klumperman and Raposo
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Fig.8 Midzone formation. Mid-
zone formation is mediated by
microtubules (MT), passing the MT
arms of separating chromatids
and withdrawing chromatin
from the telomere regions.
Chromosomal passenger com-
plexes (CPC) such as Aurora B,
INCENP, borealin and survivin,
translocate in anaphase-A from
the centromeres to the ends of
the chromosomes. Accumula-
tion of CPCs in the midzone

is initiated, where antiparal-

lel microtubules overlap.

With attachment of VTCs to
accumulated CPCs, clamps are
formed. Simultaneously, with
anaphase progression chromatin
strands relocate to their chromo-
somes, which are pulled to the
centrosomes by microtubules,
attached to kinetochore (K),
whereas clamps remain in the
midzone

anaphase-A

MT

anaphase-B

TR0
%: v"\\??

clamp

2014; Wu et al. 2017). The ERELB-system explains an
essential membrane circulation involving: (i) Golgi disinte-
gration and reconstitution; (ii) vesicle/membrane turnover
mediated by endosomes; (iii) storage of membrane lipids by
LBs (Fig. 9). From the 3D data presented, it is clear that ER,
dictyosomes, endosomes and lipid bodies cannot be consid-
ered as independent compartments. The categorical sepa-
ration of structural and functional cellular entities may be
responsible for competing opinions; neither model is entirely
concurrent with the dynamics of an interconnected system.
Whether dictyosomes derive from ER, endosomes and lipid
bodies or in a concert of all three partners of the ERELB is
still an open question (Fig. 9).

@ Springer
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Capabilities of FIB/SEM

Within the last two decades TEM tomography estab-
lished as the state of art technique for high-resolution
3D-imaging of resin embedded or cryo-samples. The
parameters limiting 3D investigations are section thickness
(approx. 300-500 nm) and the small field of view (approx.
5x 5 pm). For large volumes, especially in combination
with 3D LM, three candidates have to be compared: array
tomography, 3View® and FIB/SEM. There is no compe-
tition between the different techniques, only a decision,
which one is most suitable for the scientific question. If
several mm? of tissues are needed for 3D-reconstructions,
3View® will be the first, if not only choice. If re-investi-
gations of sections are necessary, only array tomography
can achieve this demand. FIB/SEM, with its unsurpassed
z-resolution, is recommended for bridging high-resolution
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Fig.9 Membrane traffic—the ERELB-network. Elaborate network »
of ER, endosomes, lipid bodies, Golgi and their mutual relation.
All partners are permanently connected via endoplasmic reticulum
(ER) in interphase, either by fusion with the ER membrane, typical
for primary endosomes (PE), which originate from cup-shaped ER-
segments, fusing with dictyosomal vesicles or late endosomes (LE),
still connected to ER. The lipid bodies are connected by fusion of the
outer leaflet of the ER membrane with the half unit membrane of the
lipid body. A direct flow of membrane components (arrows) between
the compartments is given. During prophase of mitosis the disinte-
gration of the Golgi into vesicles (COPI) or ICs/VTCs/ERGICs and
their integration into the ER, primary or late endosomes is achieved
by a membrane circulation involving: (i) recycling and distribution by
endosomes and (ii) storage of membrane lipids by lipid bodies (LB).
During telophase, the Golgi is reassembled in interplay of all partners
of the ERELB by reverse flow of membrane components, indicated
by arrows

LM with TEM tomography. Many cytological questions
can be addressed with correlative light microscopy com-
bined with FIB/SEM-tomography of ultra-thin embedded
cells in an efficient way.

Summarizing aspects

Ultra-thin embedding of cells on labeled slides has proven
to fulfill all demands for CLEM:

e Thickness of the resin layer can be adapted, as desired,
to any specimen by use of an acetone-saturated cham-
ber.

e Immediate and precise correlation between LM and SEM
is given.

e Milling plane can be set with high precision.

e Direct access to the target cell makes a ramp needless.

e Milling volume is restricted to the cell volume without
any redeposition effects.

e Topography of the target cell is visible during the entire
run, allowing immediate corrections on the fly.

e Slides serve as an absolute reference necessary for pre-
cise alignment of the FIB-stack.
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Fig. S1

High Resolution FIB/SEM at its Limit.

270 consecutive block face FIB/SEM micrographs (out of a series of 720 sections) through a centrosome of a
HelLa cell in metaphase, sectioned with a voxel size of 2x2x2 nm illustrating the high resolution in z and stability
that can be achieved with FIB/SEM. Scale bar 500 nm.
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Fig. S2
Alignments of FIB/SEM stack with absolute reference.

a Image stack (xy view) with slide as reference (dotted line). Scale bar 1 ym.

b Image stack (xy view) cropped, without reference (b; = framed area of a). Scale
bar 1 ym.

a’ Alignment with shear function and manually fine correction (straight line of the
slide surface in yz). Scale bar 500 nm.

b’ Alignment using only the cellular area. In side view (yz) the mitochondria (M) and
endoplasmic reticulum (ER) show striking differences in shape and position (a’, b’).
Scale bar 500 nm.

yz slide align




Fig. S3
FIB/SEM tomography of a kinetochore.

40 consecutive block face FIB/SEM micro-
graphs through a centromeric region of a
HelLa cell in metaphase, sectioned with a
voxel size of 3.5x3.5x6 nm. Individual mi-
crotubules can be followed over several
sections, proving the quality of thin milling.
Scale bar 500 nm.



Fig. S4
FIB/SEM tomography of midbody.

a High-resolution volume rendering of a midbody in cross section exhibits
an electron dense matrix with numerous MTs (circle) and a nucleus bridge
(N) in cross section. Scale bar 1 ym. a’ Longitudinal section of the midbody
in (a). The NE of the dividing cells has not been reconstituted for each nu-
cleus (N) separately, therefore crossing the midbody (rectangle). Dotted
line represents position of section plane in (a). Scale bar 1 ym.

b Intersected midbody, just before abscission and its corresponding 3D re-
construction (b’), still containing MTs (arrow; violet) and vesicular-tubular
structures (arrow heads; yellow). At both sides of the midbody, constrictions
are visible as small plasma membrane tubes, representing the sites of ab-
scission (framed area). Scale bar 500 nm.

¢ Detail of the site of abscission. Anaglyph images and the corresponding
3D-reconstruction (c’) reveal a partial helical structure, attached to the wall
of the tube. Scale bar 100 nm.
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Fig. S5
Actin bundles with associated vesicles.

Actin forms bundles of electron dense fibrils with different degrees of compaction (a, a'). Scale bar 100 nm.
Locally, groups of rather flat electron dense vesicles, typically aligned in a row are in contact to actin-bund-
les (b; framed area; inset). Scale bar 500 nm. Several sickle shaped strands of actin are associated with the
Golgi apparatus, visualized with volume rendering (c) and after 3D reconstruction (d/d’: actin = blue; micro-
tubules = white). Scale bar in ¢ 500 nm; d and d’ 1 ym.
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Label-free 3D-CLEM using endogenous tissue landmarks.
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Abstract

Emerging 3D correlative light and electron microscopy (CLEM) approaches enable studying
neuronal structure-function relations at unprecedented depth and precision. However,
established protocols for the correlation of light and electron micrographs rely on the
introduction of artificial fiducial markers, such as polymer beads or near-infrared branding,
which might obscure or even damage the structure under investigation. Here, we report an
efficient, general applicable "flat embedding" preparation, enabling high-precision overlay of
light and electron micrographs, using exclusively endogenous landmarks in the brain: blood
vessels, nuclei and myelinated axons. Furthermore, we demonstrate feasibility of the workflow
by combining in vivo 2-photon microscopy and high-resolution FIB/SEM microscopy to dissect
the role of astrocytic coverage in the persistence of dendritic spines.
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SUMMARY

Emerging 3D correlative light and electron microscopy approaches enable studying neuronal struc-
ture-function relations at unprecedented depth and precision. However, established protocols for
the correlation of light and electron micrographs rely on the introduction of artificial fiducial markers,
such as polymer beads or near-infrared brandings, which might obscure or even damage the structure
under investigation. Here, we report a general applicable “flat embedding” preparation, enabling
high-precision overlay of light and scanning electron micrographs, using exclusively endogenous
landmarks in the brain: blood vessels, nuclei, and myelinated axons. Furthermore, we demonstrate
feasibility of the workflow by combining in vivo 2-photon microscopy and focused ion beam scanning
electron microscopy to dissect the role of astrocytic coverage in the persistence of dendritic spines.

INTRODUCTION

Studying biological key events within complex model systems relies on dynamic and functional imaging at
optimum spatial and temporal resolution. Light microscopy (LM) allows visualization of dynamic cellular
events in tissues, whereas electron microscopy (EM) remains the only method so far to reveal the complete
subcellular architecture at nanometer resolution (Bourne and Harris, 2008). Correlative light and electron
microscopy (CLEM) combines the advantages of both imaging modalities, allowing targeting the events
of interest in space and time, using LM and subsequently resolving the ultrastructure of the same volume
with EM (de Boer et al., 2015; Karreman et al., 2016a; Mironov and Beznoussenko, 2009). In particular, CLEM
has greatly advanced our understanding of complex neuronal connectivity matrices by revealing the ultra-
structural architecture and dynamics of neurites and synapses (Blazquez-Llorca et al., 2015; Genoud et al.,
2006; Maco et al., 2013, 2014). However, a major methodological hurdle remains the correlation of LM and
EM datasets by accurately tracking the position of the region of interest (ROI) within the EM specimen. For
voluminous specimens such as the mouse brain, ROIls can be retrieved by screening serial thick (50-100 pm)
vibratome sections of the tissue (Li et al., 2011). Nevertheless, serial EM imaging of large tissue samples is
very cumbersome and results in unnecessarily large datasets. Currently, LM inspection to confine an ROI
within the EM specimen is the most common approach for CLEM. For this purpose, fiducials are needed,
which are detectable in both LM and EM. The ROIs can be marked by photo-oxidation of fluorophores (Gra-
benbauer et al., 2005), by affinity labeling with peroxidases (Knott et al., 2009) or by the use of exogenous
fiducial markers like polymer beads (Kukulski et al., 2012), quantum dots (Masich et al., 2006), or near-
infrared branding (NIRB) (Bishop et al., 2011). Although useful, these approaches require processing of
the tissue samples and thereby might obscure the target structure or even deteriorate their ultrastructure.
Alternatively, endogenous landmarks, which surround the ROl providing both LM and EM contrast, can be
used as a guide to retrace the position of the ROl following EM processing (Karreman et al., 2016b). Unfor-
tunately, resin embedding for EM preparations covers endogenous landmarks, thus prohibiting marker
identification by EM. Although there are some protocols to reduce resin embedding, these methods
comprise several delicate preparation steps or specialized equipment (Kizilyaprak et al., 2014; Belu
et al., 2016; Lucas et al., 2017; Schieber et al., 2017). These issues were addressed by developing a “flat
embedding” preparation to enable direct LM visualization of endogenous fiducial markers, present
throughout the brain parenchyma. We show that blood vessels, nuclei, and myelinated axons can be
used for precise correlation of LM and EM images with micrometer accuracy, allowing retrieval of structures
as small as single synapses. A wide range of optical microscopic modalities, including wide-field, differen-
tial interference contrast (DIC), and confocal and reflectance microscopies can be used to visualize these
endogenous landmarks with minimal labeling effort or even in a completely label-free manner. The
feasibility of the protocol was confirmed by revealing the intimate interplay of perisynaptic astrocytic
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Figure 1. Availability and Precision of Endogenous CLEM Landmarks

(A-C) Blood vessels (arrowheads), nuclei (magenta) and myelinated axons (yellow; boxed area) can be visualized by DIC (A), CLSM (B) and SCoRe (C)
microscopy.

(D) Overlay of DIC, CLSM, and SCoRe images. Blood vessels (arrowheads); nuclei (magenta); myelinated axons (yellow; boxed area).

(E-H) 3D reconstructions of blood vessels (E), nuclei (F), and myelinated axons (G) with distance traces between target dendrite and closest landmarks (H).
(I) Overlay of the 3D reconstructions of landmarks and the target dendrite.

iScience 6, 92-101, August 31, 2018 93
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Figure 1. Continued

(J) Frequency distribution of correlative landmarks, plotted against their respective distance to the target dendrite.

(K) FIB/SEM micrograph of cortical mouse brain tissue clearly represents blood vessels (blue), nuclei (magenta), and myelinated axons (yellow) by their typical
shape and contrast.

Related to Figures S1-S3.

processes and dendritic spines, previously imaged by in vivo two-photon microscopy and subsequently re-
located and imaged by focused ion beam scanning electron microscopy (FIB/SEM) with nanometer
resolution.

RESULTS
Natural Landmarks for 3D-CLEM

Blood vessels, nuclei, and myelinated axons are excellent fiducial markers for 3D-CLEM since they fulfill the
following criteria: (1) sufficient contrast in LM and EM, (2) distinctive size and shape, and (3) sufficient density
to restrict the volume of correlation (Figure 1). They can be readily recognized by DIC (Figure 1A) and
FIB/SEM (Figure 1K). The precise 3D position of these landmarks in proximity to the target dendrite can
be mapped by various confocal microscopic techniques (Figures 1A-1C). Confocal laser scanning micro-
scopy (CLSM) enables high-resolution imaging of nuclei, stained with the cell-permeant DNA-binding
dye DRAQS (Figure 1B). Since DRAQS is a vital dye, tissue permeabilization can be omitted, which bears
the risk of ultrastructural deterioration. In addition, spectral confocal reflectance microscopy (SCoRe)
(Schain et al., 2014) can be used for direct, label-free visualization of myelinated axons (Figure 1C). Spatial
distances between a randomly selected dendritic segment and its surrounding landmarks in cortical layer |
were determined to confirm that landmarks are sufficient for precise CLEM alignment (Figures 1E-1J).
The average distance between a dendrite and either blood vessels (Figure 1E) or nuclei (Figure 1F)
equaled 25.5 um or 26.7 um, respectively (Figure 1J). The distinct morphology of both markers facilitated
the identification of ROIs by triangulation of the landmarks. Myelinated axons (Figures 1C and 1G) are
present in higher density and subsequently at closer vicinity to the target dendrite, with an average dis-
tance of 9 um (Figure 1J), thus further increasing the precision of ROl retrieval.

"Flat-Embedding"” Preparation for CLEM

To demonstrate the applicability and precision of the presented CLEM preparation method, several ROls
with Thy1.2-eGFP-expressing dendritic tufts in the somatosensory cortex of Thy1.2-GFP-M mice (Figures
2A-2C) were imaged by in vivo 2-photon microscopy and subsequently relocated in vibratome sections
(Figures 2D-2F). Vibratome sections were immobilized on glass slides to maintain specimen orientation
during LM and EM preparation. To identify the sections containing the ROI, brain slices were recorded
with an epifluorescence microscope to reconstruct the dissected cortex with an imaging software (Adobe
Photoshop), based on its unique blood vessel pattern (Figure 2D).

ROI-containing brain sections were further processed for EM (Figure 3A). Excessive resin, covering the
brain tissue, was removed by draining and centrifugation to enable direct macroscopic inspection of the
tissue surface (Figures 3B and 3C). Superimposition of bright field (Figure 3B) and SEM (Figure 3C)
micrographs, based on the characteristic outline of the brain section, was sufficient for an immediate
macroscopic correlation. The preparation protocol preserved the integrity of the specimens without major
tissue shrinkage or corrugations (Figures 3B and 3C), as could be expected from dehydration. Suitable fi-
ducials for CLEM could be identified in SEM due to the carbon coating of the specimen: since carbon has
lower yields of backscattered electrons (BSE) and secondary electrons (SEs), compared with heavy metals, it
appears transparent and superficial structures of the tissue become detectable. Structures lying in greater
depth become visible by slightly increasing the accelerating voltage (Figure S1). The distinctive sizes and
shapes of the apparent natural landmarks (blood vessels appear as channels or large holes, nuclei as dark
dots) were used for the subsequent superimposition of light and electron micrographs, to define the target
area in x/y direction (Figures 3D-3F).

3D Landmark Correlation of LM and FIB-SEM Datasets

After identification of the target area on the specimen surface, FIB milling was used to gain access into the
brain tissue containing the dendrite of interest, which was previously imaged by in vivo 2-photon
microscopy. Milling time, and consequently costs, were reduced by milling the trench toward the volume
of interest with high beam current, which was stepwise decreased, while approaching the final block face of
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Figure 2. In vivo and Ex Vivo Light Microscopy for CLEM

(A) Cranial window implantation gives optical access to the cortex of the mouse brain.

(B) Magnified image section of cranial window in (A). The blood vessel pattern enables the retrieval of previously imaged
positions (framed areas: pos 1-pos 3).

(C) Maximum intensity projection of in vivo 2-photon image stack of pos 3 (framed in B). Framed area designates the
target dendrite at the last imaging time point (day 41).

(D and E) Reconstruction of the cortex by alignment of vibratome sections (D), based on the blood vessel pattern,
facilitates identification of the brain slice (green) containing the target dendrites of three different positions

(pos 1-pos 3) (E).

(F) Maximum intensity projection of ex vivo CLSM image stack of pos 3 (D and E). Framed area designates the target
dendrite [compare (F) with (C)].

70 x 50 um (Figures 4A-4C). Since block-face micrographs exhibit sufficient landmarks for correlation, the
position of the ROl could be identified by correlating the FIB/SEM 3D reconstructions of nuclei and blood
vessels with the corresponding CLSM 3D data in Amira (Figure 4D). A rough 3D reconstruction of the dense
axonal network further facilitated the identification of the target dendrite (Figures 3E and 3F; Video S1),
thus reducing the ROl to 15 x 15 pm (Figure 4C). The final ROl images were acquired with high resolution
(pixel size in x/y: 5 nm) every 15 nm, whereas low-resolution overview images (pixel size in x/y: 27 nm) of the
entire block-face area were recorded every 1 pm in z (Figures 4B and 4C) to confirm or eventually adjust the
position of the ROl “on the fly.”

CLEM of Dendritic Spine Lifetime and Astrocytic Synapse Coverage

The concept of the “tripartite synapse” refers to the functional integration and physical proximity of
astrocytic processes with pre- and postsynaptic elements of the chemical synapse (Araque et al., 1999).
However, experimental dissection of the morpho-functional relationship between these structures is
hampered by the very small size of perisynaptic astrocytic processes (PAPs), which is below the resolution
limit of conventional LM (Heller and Rusakov, 2015; Panatier et al., 2014). CLEM in combination with the
"flat-embedding” protocol is suitable to study the morpho-functional interactions between PAPs and their
corresponding synapses at an ultrastructural level. Hereby, we were able to investigate whether the extent
of synaptic PAP coverage correlates with the lifetime of post-synaptic partners. To assess the lifetime of
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Figure 3. Sample Preparation and Retrieval of Landmarks

(A) Vibratome sections are mounted onto a glass slide with a spacer and sealed by a coverslip. After LM, the coverslip and the spacer are removed.
Post-fixation (glutardialdehyde, reduced osmium-ferrocyanide-thiocarbohydrazide-osmium (rOTO), uranyl acetate [UrAC]), dehydration and infiltration with
epoxy resin are performed in vials. After removal of excess resin and polymerization, the slide is trimmed to appropriate size. The specimen is mounted with
colloidal silver onto an aluminum stub, conducted with bridges of colloidal silver, and coated with carbon (15-20 nm) by evaporation.

(B and C) Comparison of a bright field (BF) micrograph (B) with a scanning electron micrograph (C) of the selected vibratome slice (Figures 2 D and 2E). At low
magnification, changes in morphology are easily recognized (B, C, circles). Intersected blood vessels are visible in both images (arrows), serving as the most
prominent landmarks.
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Figure 3. Continued

(D-F) Optical sections of surface near nuclei (D; white circles) can be correlated to intersected nuclei, visible in SEM at higher voltages (20 kV) due to both
topographic and material contrast (E; white circles). Superimposition of both signals (DRAQ5: magenta, nuclei; eGFP: green, dendrites) with the SEM image
(F) serves as a precise map for localizing the target dendrite in top view (boxed area).

Related to Figures S1-S3.

dendritic spines, chronic in vivo 2-photon microscopy in the somatosensory cortex of adult Thy1.2-GFP-M
mice (Feng et al., 2000) was performed. The dynamics of eGFP-labeled spines on apical dendritic tufts of
layer V pyramidal neurons were monitored before and during enriched environment exposure of mice
(Jung and Herms, 2014). As documented by the micrograph time series (Figure 5A), enriched environment
substantially and persistently promoted spinogenesis and thus increased the amount of newly formed
spines accessible for lifetime analysis. Subsequently, target dendrites were relocated in vibratome sections
and respective EM specimen by flat embedding and triangulation of natural landmarks. Correlation of
in vivo 2-photon microscopy, ex vivo CLSM, and FIB/SEM 3D datasets (Figures 5A-5D) demonstrates
that structural integrity of the corresponding dendrites and dendritic spines (Figures 2C-2F) was well
preserved throughout CLEM preparation. Based on the FIB/SEM tomograms, tripartite synapses were
reconstructed in 3D to determine the perimeter of the synaptic cleft and its astrocytic coverage (Figure 5E
and Videos S2 and S3). Correlation of these structural parameters with dendritic spine lifetime revealed that
the fraction of synaptic perimeter surrounded by PAPs on average amounts to 37% and scales neither with
synaptic cleft area nor with spine age (Figures S4A and S4B). The synaptic perimeter of a few old spines
(lifetime >41 days) was even completely devoid of PAPs.

DISCUSSION

Methodological hurdles in CLEM are the re-localization of a rather small target volume within a large tissue
volume, changing sample orientation during the transition between different microscopy modalities, and
structural distortions or preparation artifacts caused by artificial fiducials (de Boer et al., 2015; Grabenba-
uer, 2012; Karreman et al., 2016a). Current CLEM approaches, based on artificial fiducials, suffer from
several drawbacks (Table 1): (1) labeling with electron-dense precipitate or fluorescent beads/quantum
dots can obscure ultrastructural details; (2) fixation and harsh permeabilization conditions, required for
antibody labeling, compromise ultrastructure; (3) delivery of tracers to living tissue may induce toxic side
effect; and (4) NIRB is mainly used to mark the surface of the sample, as light scattering within the tissue
limits the depth of NIRB (Karreman et al., 2014).

To circumvent these technical drawbacks we introduce a “flat-embedding” protocol of vibratome sections,
ideal for both SEM and FIB/SEM investigations (Figures 1, 2, S1, S2, and S3). Due to their thickness of
approximately 50 um, vibratome sections can be: (1) adequately fixed, even as large slices (e.g.,
20 mm?), (2) investigated entirely at low and high magnifications with LM and SEM (Figures 3B and 3C),
and (3) milled by FIB/SEM in their entire thickness (Figure 4C). Since tissue sections can be permanently
immobilized on glass slides, their orientation does not change in the transition from LM to FIB/SEM (Fig-
ures 3B and 3C). The complex correlation of LM and SEM data can be achieved by a simple overlay of the
LM image, depicting the sample surface, onto the SEM image of the resin-embedded section (Figure 3F),
with its characteristic topography (SE image) and material contrast information (BSE image). In addition to
the direct surface topography, subsurface information can be gathered at high voltages, as the BSE signal
can be detected within a depth of approximately 3 um at 25 kV (Figures S2 and S3). Thereby, the surface of
the specimen becomes transparent and prominent structural features as nuclei and axons become visible
with strong contrast (Figure S3). DIC microscopy yields sufficient resolution and depth of field to visualize
blood vessels, nuclei, and myelinated axons simultaneously (Figure 1A). Furthermore, SCoRe microscopy
can be applied to visualize myelinated axons based on their high refractive index in a label-free manner
(Schain et al., 2014) (Figure 1C). Axons are excellent high-resolution fiducials for brain tissue, due to their
high density and strong BSE signal in SEM (Figures 1K and S2). As nuclei and blood vessels are abundantly
present in all animal tissues, this method can also be used for various organs like kidney, liver, and skin.

A reduction of the laborious FIB/SEM trench milling could be achieved by stepwise adjusting the ion beam
current depending on the trench position, thus saving time and costs (Figures 4A and 4B). Monitoring the
constantly increasing block face every 0.5-1 um provides essential information about the position of the
relevant landmarks, which can be reconstructed in 3D and compared with the LM stacks for possible
corrections or fine adjustments (Figures 4C and 4D). Since the cross-section of the glass slide serves as
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Figure 4. 3D alignment of LM and FIB/SEM Tomograms

(A) Economic trench milling in several steps: successive decrease in ion beam energy with increasing milling depth.
FIB/SEM tomography is performed by eucentric tilting of the specimen to 54° into the coincidence point (inset). The
target area is coated with approximately 1 um platinum by ion beam deposition. Thin tracking lines (tl) and autotune lines
(atl) serve for controlling the milling/imaging process (section thickness, focus, astigmatism).

(B) High-resolution images (white squares) are taken every 15 nm of milling. In addition, key frames are taken in intervals of
1 um in z-direction, providing micrographs for fast, “on the fly” 3D correlation of natural landmarks: blood vessels (blue),
nuclei (magenta), and myelinated axons (yellow).

(C) When reaching the final block face the region of interest (ROI; white square) with the target dendrite (green spot) is
defined in x/y using the coordinates of the landmarks derived from the 3D LM data. Blood vessels (blue); nuclei (magenta);
myelinated axons (yellow).

(D) Superimposition of landmarks (blood vessels, nuclei, and axons; transparent) of the LM reconstructions (black box)
with the FIB/SEM reconstructions of the corresponding structures (solid).

(E) Preliminary fast reconstructions of several potential dendrites (green) in the target volume (white box) by an automatic
labeling algorithm (Magic Wand, Amira™).

(F) Usage of myelinated axons (yellow) as correlative marker to identify the target dendrite (green).

Related to Video S1.

absolute reference for precise alignment, an exact correlation is ensured (Figure 4C) (Luckner and Wanner,
2018). These improvements reduce the CLEM workflow and make artificial fiducials and delicate trimming
needless (Kolotuev et al., 2012).

The high precision of the presented CLEM method was demonstrated by in vivo 2-photon microscopy of
single dendritic spines and their subsequent identification within a resin-embedded tissue by FIB/SEM
Detailed information could be gathered about dendritic spine lifetime and morphometric measurements
of the corresponding tripartite synapse at nanometer resolution (Figure 5). Our data show that astrocytic
coverage of the synaptic cleft does not proportionally scale with either the synapse size or the synapse
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Figure 5. 3D-CLEM of Cortical Tripartite Synapses

(A) In vivo 2-photon micrographs of eGFP-labeled apical dendrites of layer V pyramidal neurons in the somatosensory
cortex imaged before and during enriched environment. Enriched environment exposure started at day 18 and was
continued until end of the imaging period. White arrowheads mark spines that formed newly and remained stable for at
least two consecutive imaging time points; gained and lost spines are labeled with green and magenta arrowheads,
respectively. Scale bar = 5 um.

(B-D) Comparative juxtaposition of the same dendritic segment recorded by in vivo 2-photon (B), ex vivo CLSM (C) and
FIB/SEM microscopy (D). White boxes indicate dendritic spines that were detected in high-resolution CLSM microscopy
and FIB/SEM; white arrowheads indicate spines that were detected in all imaging modalities. Scale bar = 2 um.

(E) 3D reconstructed FIB/SEM tomogram of a complete tripartite synapse (A, astrocyte; D, dendrite; M, mitochondrion;
PSD, postsynaptic density; Sp, spine; SV, synaptic vesicles). Inset shows a single micrograph of the corresponding
FIBS/SEM stack depicting a dendritic spine (green) with associated presynapse (yellow) and astrocyte (purple).

Scale bar =1 um.

Related to Figure S4.

age (Witcher et al., 2007), indicating that smaller, newly formed spines, as well as established larger spines,
have equal access to extracellular glutamate, which is restricted by astroglial ensheathment of the synaptic
perimeter. Thus, astrocytes may facilitate integration of synapses by preventing transmitter spillover
between neighboring excitatory synapses (Ostroff et al., 2014). Although we did not detect a change of as-
trocytic coverage during synapse maturation under basal conditions, it has been shown to increase during
periods of enhanced neuronal activity to augment glutamate clearance and preserve synaptic response
(Genoud et al., 2006). Furthermore, the observation that the synaptic perimeters of some persistent spines
are completely devoid of astroglial processes indicates that permanent astrocytic coverage might not be
mandatory for the maintenance of excitatory synapse stability (Bernardinelli et al., 2014) (Figure S4).

Summarizing, we introduce a precise and efficient CLEM preparation method, which (1) circumvents the

need of artificial fiducials, (2) is compatible with widely accessible optical microscopic techniques, and
(3) is suitable for various scientific questions.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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“Flat embedding” Fast
Cheap

Nondisruptive

Con

Cell

Limited in vibratome section

thickness of 50 pym

Suitable for all kind of tissues

NIRB (Bishop et al., 2011) Fast

Suitable for all kind of tissues

DAB (Sonomura et al., 2013)

QDs (Masich et al., 2006)

Table 1. Comparison of Common CLEM Protocols

Direct visualization of the target structure

Suitable for all kind of tissues

Disruptive

Fs-laser needed

Masking ultrastructure

Masking ultrastructure

Limited tissue penetration

NIRB, near-infrared branding; DAB, diaminobenzidine; QDs, quantum dots

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, four figures, and three videos and can be found
with this article online at https://doi.org/10.1016/j.isci.2018.07.012.
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Figure S1. Vibratome sections at different kV, Related to Figure 1

(A) DIC images taken from the surface of the vibratome section and merged with a projection view of the
dendrites (green = eGFP).

(B) SEM micrographs at different kV. Topographic and material contrast change are enhanced with increase of
the accelerating voltage: Blood vessels are easily recognized as little holes (circles) at low and high kV. Sectioned
nuclei with almost no topographic contrast at 1 kV, show a strong material contrast at 20 kV.

(C) Superimpostion of a DIC stack and an eGFP stack allows a precise localization of the target dendrite(s) in a
range of a few um.

(D-E) SEM micrographs at different kV. Different high voltages can be chosen to enhance either the topographic
or material contrast of nuclei (circles): 1,5 kV (D) and 25 kV (E).

(F) From the DRAQS stack, 7 segments of different height in the stack were combined into a stitched image, re-
presenting only surface near nuclei.

(G) Superposition of micrographs enables precise correlation of nuclei (circles) and blood vessels (asterisk) in
both, SEM an LSM.
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Figure S2. Myelinated axons in SEM, Related to Figure 1 and 2

(A) SEM micrograph of a vibratome slice. The trench indicates a FIB/SEM recorded target volume. Correlation
with LM micrograph exhibits the next traget area.

(B-C) Myelinated axons are clearly visible in both, the EsB image at moderate kV (B) or in the QBSD image at
high kV (C) due to their strong staining with osmium.

(D) Overlay of myelinated axons (yellow), nuclei (magenta) and dendrites (green) confirm the precision of surface
correlation of CLSM and SEM. Blood vessels display at higher voltages a dark contrast (asterisk) or are visible
at low kV by topographic contrast of the SE2 image (A).

(E-F) Comparison of 1,5 kV SE2 image (framed areas) with the QBSD image demonstrates the depth information
given at high kV. Myelinated axons are clearly visible at high kV (F = yellow frame) and undetectable in the SE2-
image (E = yellow frame).

~
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Figure S3. Enhancement of the material contrast after smoothing of vibratome sections, Related to Figure
1and 2

(A) Correlation of light micrographs of stained nuclei (DRAQ5; LSM) with SEM micrographs of an embedded
mouse brain section. For high resolution correlation, the specimen surface was smoothed by removal of few pm
with a glass knife equipped ultra microtome. The difference in surface topography can be compared before (a =
framed area; white) and after smoothing (b).

(B-E) At high magnification (framed area of A; magenta) nuclear details (nuclear envelope, heterochromatine)
can be hardly recognized in the SE2 image (B) but they are clearly visible with the EsB-signal (C and D 5; kV).
Axons (arrows) can be identified by their myelin sheets which give a high contrast due to the strong osmium stai-
ning. Superposition with the LM image of the nuclei (magenta) and dendrites (green) enable a precise correlation
in the sub-micrometer range (E).

(F) The depth information is increased with high accelerating voltage (30 kV). Contrast of tangential sectioned
nuclei becomes reduced (framed area; compare with framed area in D).
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Figure S4. Astrocytes equally cover the synaptic perimeter of young and old spines, Related to Figure 4
(A) Distribution graphs of young (<= 41 days) and old (= 41 days) dendritic spines according to astrocytic coverage
of the synaptic perimeter.

(B) Correlation between astrocytic coverage and ASI area of young (< 41 days) and old (= 41 days) dendritic spi-
nes.



Transparent Methods

Animals

Female and male 2-3 months old heterozygous GFP-M mice (Tg(Thyl-EGFP)MJrs
from Jackson Laboratory, Bar Harbor, Maine) were used (Feng et al., 2000). Mice
were group-housed under pathogen-free conditions and bred in the animal housing
facility of the Center of Stroke and Dementia Research, with food and water provided
ad libitum (21 £ 1°C, at 12/12 hour light/dark cycle). All experiments were carried out
in compliance with the National Guidelines for Animal Protection, Germany with the
approval of the regional Animal care committee of the Government of Upper Bavaria,

and were overseen by a veterinarian.

Cranial window implantation

Before use, surgical tools were sterilized in a glass-bead sterilizer (FST). Mice were
anesthetized by an intra-peritoneal injection of ketamine/xylazine (140/10 mg/kg body
weight, WDT, Bayer Health Care). In order to prevent cerebral edema
Dexamethasone (6 mg/kg body weight, Sigma Aldrich) was injected intraperitoneally.
Subsequently, mice were placed onto a heating blanket (37 °C) and the head was
fixed in a stereotactic frame. Eyes were protected from drying by applying eye-
ointment (Bepanthen, Bayer). The scalp was washed with swabs soaked with 70 %
ethanol. A flap of skin covering the cranium was excised using small scissors. The
periosteum was scraped away with a scalpel. The prospective craniotomy location
(1.5-2.5 mm AP and 0-4 mm ML relative to bregma) was marked with a biopsy punch
(diameter 4 mm, Integra LifeSciences). The exposed skull around the area of interest
was covered with a thin layer of dental acrylic (iBond Self Etch, Hereaus Kulzer) and
hardened with a LED polymerization lamp (Demi Plus, Kerr). A dental drill (Schick
Technikmaster C1, Pluradent) was used to thin the skull around the marked area.
After applying a drop of sterile phosphate buffered saline (DPBS, Gibco, Life
Technologies) on the craniotomy the detached circular bone flap was removed with
forceps. A circular coverslip (4 mm diameter, VWR International) was placed onto the
craniotomy and glued to the skull with histoacryl adhesive (Aesculap). The exposed
skull was covered with dental acrylic (Tetric Evoflow Al Fill, Ivoclar Vivadent) and a
head-post was attached parallel to the window for head-fixing mice in subsequent
imaging sessions. After surgery, mice received a subcutaneous dose of the analgesic

Carprophen (7.5 mg/kg body weight, Rimadyl, Pfizer) and antibiotic Cefotaxim (5



mg/kg body weight, Pharmore). Finally, mice were allowed to recover from surgery

on a heating blanket.

Chronic in vivo two-photon microscopy

In vivo two-photon imaging started 4 weeks after cranial window implantation, using a
multiphoton LSM 7 MP microscope (Zeiss) equipped with a fs-laser (Mai Tai
DeepSee, Spectra-Physics), a 20x water immersion objective (W Plan-Apochromat
20x/1.0 NA, Zeiss) and a motorized stage. eGFP was excited at 920 nm and the
emission was collected after a band pass filter from 470-550 nm by a non-descanned
detector (photomultiplier tube GaAsP, Zeiss) directly after the objective. Throughout
the imaging sessions, mice were anesthetized with isoflurane (1 % in oxygen, 0.5
I/min) and placed on a heating pad to keep body temperature at 37 °C (Fine Science
Tools GmbH). A magnified image of the superficial cerebral blood vessels was
acquired by using the camera port of the 7 MP microscope. The same ROIs were
repositioned over time by alignment of the field of view based on the vascular pattern.
Apical dendritic tufts of layer V pyramidal neurons in the somatosensory cortex were
imaged in consecutive sessions at specified time points. For overview images, 3D
stacks of 300 um depth with 3 um axial resolution and 1024x1024 pixels per image
frame (0.4 pm/pixel) were acquired in multiphoton mode of the microscope. To
resolve dendritic spines, high-resolution images from single dendrites were taken
with 1 um axial resolution and 512 x 256 pixels per image frame (0.1 um per pixel).
Individual imaging sessions lasted for no longer than 60 min with the laser power
kept below 50 mW to avoid phototoxicity. Special care was taken to ensure
consistent fluorescence levels both in space and time. After the fourth imaging
session mice were placed into an enriched environment accordingly to a recently
published protocol to enhance the structural plasticity of dendritic spines (Jung and
Herms, 2014).

Preparation of brain sections

Mice were transcardially perfused with a mixture of formaldehyde and
glutardialdehyde (Electron Microscopy Sciences, EMS) in PBS. A mixture of 0.5 %
glutardialdehyde and 3.5 % formaldehyde was used in order to reduce background
fluorescence from glutardialdehyde while preserving eGFP fluorescence and
specimen ultrastructure. After 1 h perfusion mice were decapitated and the right



parietal bone with the ipsilateral window was removed. Subsequently, the mouse
head was attached via head post to the stage of a vibratome (VT1000S, Leica
Biosystems) to cut the brain tissue parallel to the imaging plane. This way, a single
brain slice containing all cortical layers and the complete somato-sensory cortex was
obtained. The cortical brain slice was incubated in 4% formaldehyde in PBS
overnight at 4 °C, washed with PBS at the next day and subsequently stored in PBS
at 4 °C. The fixed brain slice was further cut into 50 pm sections on a vibratome.
Care was taken to keep the order of all obtained slices from top to bottom as well as
not to flip them. Each slice was mounted onto a Cell-Tak™ (Corning®, Thermo Fisher
Scientific) coated microscope slide (Superfrost, Menzel) with an adhesive, circular
imaging spacer (Secure-Seal ", Grace Bio-Labs). The well of the imaging spacer was
filled with 20 uM DRAQS5 (Biostatus) solution, sealed with a coverslip (No. 1.5, Zeiss)

and incubated overnight at 4 °C.

LM microscopy

Slides were imaged in “tile scan” mode of an Apotome.2 wide field microscope
(Zeiss) equipped with an EC Plan-NEOFLUAR 10x / 0.3 NA objective (Zeiss) to
identify brain slices with the desired regions of interest. For bright field microscopy,
the illumination aperture (NA 0.1) of the condenser was closed to increase image
contrast. Emission of eGFP and DRAQ5 was collected using standard filter sets for
green (490-606 nm) and far red (643-752 nm) (Zeiss). Confocal imaging was used
(LSM 880 with AiryScan, Zeiss) to map all natural landmarks in 3D. Overview images
of the region of interest with 3 um axial resolution and 1024 x 1024 pixels per image
frame (0.4 pm/pixel) were acquired with a Plan-Apochromat 20x / 0.8 NA air
objective. High resolution image stacks (135 x 135 x 50 pm® with 0.13 pm in xy and 1
pm in z per pixel) of dendrites were acquired with a Plan-Apochromat 63x / 1.4 oil
objective (Zeiss). DRAQ5 and eGFP were excited at 633 nm and 488 nm,
respectively. Emission was collected from 500-560 nm (eGFP) and 650-700 nm
(DRAQ5). Additionally, differential interference contrast images were acquired in the
transmitted light channel. Furthermore, spectral confocal reflectance microscopy was
used to visualize myelinated axons within the same volume. Axons were imaged with
laser lines of 458 nm, 514 nm and 633 nm in a single track. The reflection mode of

the microscope was used in combination with a partial mirror (80 % transmission, 20



% reflection) as main beam splitter. Images of all three channels were combined by

using the average function of the Zen software (Version 2.3, Zeiss).

EM preparation

After light microscopic inspection mounted vibratome sections were uncovered by
removal of the coverslip. Subsequently, samples were washed with cacodylate buffer
(75 mM cacodylate 75 mM NaCl, 2 mM MgCl,) and again fixed with 2,5 %
glutardialdehyde in cacodylate buffer for 15 min, followed by 3 washing steps in
cacodylate buffer. The tissue was post-fixed with 1 % OsO, and 1 % KsFe(CN)s in
cacodylate buffer for 30 min, washed 3 times in ddH,O, incubated with 1 %
thiocarbohydrazide in ddH,O for 30 minutes, washed with ddH,O 3 times, followed by
a second post-fixation with 1 % OsO,4 in ddH,O for 30 min. Samples were further
rinsed 3 times with ddH,O, dehydrated in a graded series of acetone and incubated
in 1 % uranyl acetate with 20 % acetone for 30 min. Subsequently, sections were
embedded on the glass slide and infiltrated with 1:1 Hard-Plus Resin-812 in acetone
for 10 minutes, 2:1 Hard-Plus Resin-812 in acetone for 30 min and finally in 100 %
Hard-Plus Resin-812 for 1h at RT. Excessive resin was removed by centrifugation:
the slide was placed in a 50 ml falcon tube with a tissue paper at the bottom and
centrifuged at 1000 rpm for 2 min. After samples were polymerized for 3 days at 60
°C, the glass was trimmed with a diamond pen and mounted on an aluminum stub
with colloidal silver. Finally, the glass was covered with colloidal silver and the entire
sample was carbon coated (thickness of 15-20 nm) by evaporation.

FIB/SEM microscopy

Mouse brain tissues were imaged in an Auriga 40 FIB/SEM workstation (Carl Zeiss
Microscopy GmbH) operating under SmartSEM (Carl Zeiss Microscopy GmbH) and
Atlas3D software (Fibics Inc., Ottawa, Ontario, Canada). To facilitate correlation, the
50 um thick brain slice was milled down to the surface of the glass slide, which was
used as a reference. Subsequently, a 70 um long ramp was milled by FIB (for
vibratome sections with a thickness of 50 um and a FIB tilt angle of 54°, the length of
the milling ramp can be calculated as tan54° = 1.374. In this case, the trapezoid
trench has to be approx. 70 um long). After milling of 20 pm in z-direction milling was
stopped, the ion beam current reduced to 10 nA, and the milling depth increased to



10-20 um. After additional 20 um of length, the trench was milled with a depth of 30
pm, until the beam reaches the glass slide. While milling the ramp to get access to
the target volume, key frames were taken to inspect the correlation landmarks (blood
vessels, nuclei and myelinated axons) to determine the position of the target dendrite
in all three dimensions. Final milling parameters were set to 1-2 nA milling current of
the Ga-emitter. With each cycle 10-15 nm of epoxy resin was removed. SEM images
were recorded with an aperture of 60 um in the high current mode at 1.5 kV of the in-
lens EsB detector with the EsB grid set to -800-1200 V. Key frames were imaged with
a pixel size of 20-27 nm and the ROI with a pixel size of 5-8 nm. Images series of
3000-4000 sections were recorded. In the synchronous mode of the ATLAS-System,
the milling current and depth were adjusted to match milling time with exposure time
set to 1 min. Automatic correction of focus (auto tune) and astigmatism (auto stig)

was applied every 30 minutes.

3D reconstruction of LM and FIB/SEM image stacks

LM images of blood vessels, nuclei and myelinated axons were reconstructed in 3D
using Imaris (Version 7.7.2, Bitplane). FIB/SEM image stacks were aligned,
segmented and 3D reconstructed in Amira (FEI Company). For registration of the LM
and FIB/SEM datasets, both 3D reconstructions were fit into each other manually by
rotation and translation. FIB/SEM volume was used as a reference to adjust the
LM/DIC reconstruction. Registration was performed by successive alignation of blood
vessels, nuclei and finally myelinated axons to increase the precision of the

correlation.

Image analysis

Amira 3D reconstructions of dendritic spines, corresponding presynapses and
perisynaptic astrocytic processes were imported in Blender software for
morphometric analysis. Volumes, surfaces and axon spine interfaces (ASI) were
guantified with the plugins “NeuroMorph Measurement Tools” and “NeuroMorph
Proximity Analysis” (Jorstad, A., Nigro, B., Cali, C. et al. 2015 and Barnes et al.
2015). Astrocytic coverage was quantified by measuring the total perimeter of the ASI
and the proportion that was covered by the astrocyte. To calculate distance
distributions of endogenous landmarks in GraphPad Prism 5, distances between 10

randomly chosen dendrites and their closest natural landmarks were measured and



guantified with the 3D measurement tool in Imaris (Version 7.7.2, Bitplane). Dendritic

spine lifetime was determined manually off-line by analyzing the corresponding 2-

photon micrograph time series. Dendritic spines were defined as stable if their

locations did not change along the dendritic shaft between consecutive imaging

sessions (acceptable range < 1 um). Spines, which emerged or disappeared over

two consecutive imaging sessions, were assigned as newly gained or lost,

respectively. Resolution limitations in the z-plane restricted our analysis to laterally

protruding spines. For illustration purpose only, image stacks were deconvolved

(AutoQuantX2, Media Cybernetics) and adjusted for contrast and brightness. Figures

were created in Adobe Photoshop/Illustrator CS6 and supplementary movies were

made in Amira (Thermo Fisher Scientific™).

Key Resource Table

REAGENT or RESOURCE

| SOURCE

' IDENTIFIER

Chemicals, Peptides, and

Recombinant Proteins

20% Formaldehyde

SCIENCE SERVICES

Cat# E15713

25% Glutardialdehyde

SCIENCE SERVICES

Cat# E16216

Cell-Tak "

Thermo Fisher Scientific

Cat# 10317081

DAPI

Thermo Fisher Scientific

Cat# D1306

DRAQ5

Biostatus

Cat# DR50050

Fetal Bovine Serum (FBS)

GIBCO

Cat# 10270-106

Osmium Tetroxide

SCIENCE SERVICES

Cat# E19130

EGFP)MJrs/J

PBS GIBCO Cat# 20012-068
Potassium

hexacyanoferrate(ll) Sigma-Aldrich Cat# 455946
trihnydrate

Sodium cacodylate MERCK Cat# 20840-100G-F
trihydrate

Thiocarbohydrazide Sigma-Aldrich Cat# 223220
Experimental Models: Organisms/Strains

Mouse: STOCK Tg(Thy1- The Jackson Laboratory Stock# 007788

Software and Algorithms

Adobe Photoshop CC

Adobe Systems Software
Ireland Limited

http://www.adobe.com

Altlas3D

Fibics Inc.

Amira 6.2

Thermo Fisher Scientific

https://www.fei.com/softwa
re/amira-3d-for-life-
sciences/



http://www.sigmaaldrich.com/catalog/substance/potassiumhexacyanoferrateiitrihydrate422391445995111
http://www.sigmaaldrich.com/catalog/substance/potassiumhexacyanoferrateiitrihydrate422391445995111
http://www.sigmaaldrich.com/catalog/substance/potassiumhexacyanoferrateiitrihydrate422391445995111

Blender

Plugin:

NeuroMorph Measurement
Tools

NeuroMorph Proximity
Analysis

The Blender Foundation

https://www.blender.org/

GraphPad Prism

GraphPad Software Inc,

http://www.graphpad.com/
scientific-software/prism/

ImageJ (1.50, Java

https://imagej.nih.govi/ij/;

1.8.0 60, 64 bit) NIH RRID:SCR 003070
Imaris 7.7.2 Bitplane http://www.bitplane.com/
SmarSEM Carl Zeiss Microscopy N/A

GmbH
Zen 2.3 Carl Zeiss Microscopy N/A

GmbH
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