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Advances in Microscopy

Dr Ernst H.K. Stelzer, EMBL, Heidelberg, Germany, Dr Jens Rietdorf and Dr Patrick Schwarb, FMI, Switzerland,
Dr Roland Nitschke, University of Freiburg, Germany
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Live Cell Imaging
Imaging in Physiologically Relevant Environments: 3D-Squared

Dr Ernst H.K. Stelzer, et al, EMBL, Heidelberg, Germany

Advances in the life sciences rely on our ability to observe dynamic processes in live systems and in environments that mimic physiologically relevant in vivo conditions.
In tissues, cells usually grow and differentiate in a gel-like three-dimensional environment (extracellular matrix, ECM). The cells themselves synthesize their various com-
pounds. The biochemical and mechanical properties of the ECM trigger specific cellular events, particularly responses to mechanical stress. During the development of
an organ or an organism, the extracellular microenvironment influences the behavior of the cell population. The hard and flat surfaces of the Petri dish provides an
environment different from that encountered in living organisms. Cells adapt to such an environment by changing their metabolic function. Consequently, some phe-
notypes lack key properties of the original tissue. This limits the potential of two-dimensional cell systems to predict cellular responses of real organisms.

Applying three-dimensional cultures is thus motivated by the necessity to work with cellular models that are , closer” to living tissues. Such cultures could have a
strong impact on the efficiency of drug screening and contribute to a decrease in the use of laboratory animals, e.g. in the context of toxicity assays. The dichot-
omy between “two-dimensional” and “three-dimensional” approaches is found at multiple levels of experimental complexity ranging from highly simplified bi-
ophysical studies to entire developing organisms.

We describe three seemingly different sets of experiments. 1) We perform experiments in a three-dimensional environment using physiological microtubule ex-
tracts that provide a deeper insight into their nano-scale behavior. 2) We describe different approaches to cultivating cells in three-dimensional environments. 3)
We point out the importance of model embryos. A common aspect is the combination of three-dimensional sample preparation with three-dimensional imaging
light sheet based fluorescence microscopy (3D-squared, Stelzer & Keller 2007).
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Complementary Approaches to Visualizing Protein-Protein Interactions

Correlation and Complementation

Dr Atsushi Miyawaki, Science Institute, Riken, Japan

Microscopy utilizing fluorescence resonance energy transfer (FRET) with green fluorescent protein (GFP) derivatives has offered a first glimpse into the spatio-
temporal aspects of biological activities. On the other hand, fluorescence cross-correlation spectroscopy (FCCS) has proven to be a promising technique for quan-
tifying protein-protein interactions. Although FCCS does not produce direct images, it provides more quantitative information of the interactions since it is more
sensitive than FRET. Also, bimolecular fluorescence complementation (BiFC) has been used to reliably analyze the occurrence and subcellular localization of pro-
tein-protein interactions in live cells. Although the irreversible binding of fluorescent protein fragments poses as a limitation of this technique, BiFC can provide
high sensitivity, temporally-integrated information of protein-protein interactions.
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High Content Screening Microscopy

Automatisation Enables Genome-Wide Microscope Based Screens

PD D Rainer Pepperkok, et al, EMBL, Heidelberg, Germany

With the availability of the green fluorescent protein (GFP) and its spectral variants, light microscopy based research has undergone dramatic developments in
the past decade. This has lead to the improvement of imaging technologies to an extent that has never been seen before. Together with the advances in bio-
informatics, genome sequencing, functional genomics and proteomics this layed the foundation for high through-put high content screening microscopy with
the potential in almost endless applications in pharmaceutical and basic research. High throughput screening microscopy integrates sample preparation, image
acquisition, data handling and analysis and data mining and modelling, into a comprehensive platform. Here we discuss the key features of the technique and
demonstrate its potential in selected applications such as vesicle movements in living cells.
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Zoom-in Beyond Light Microscopy:

A New Approach for Biological Structure Research — Correlative
Light and Electron Microscopy on One and the Same Sample

Dr Roger Wepf, et al, Electron Microscopy ETH Zurich (EMEZ), Switzerland

The structure researchers dream to fly through several magnitude of scale on the identical pre-selected sample area has become available with the establishment
of a new freeze-substitution protocol after high pressure freezing. Samples allow in a multimodal approach to choose between LM (FLM, CLSM) and EM (SEM, FIB/
SEM, TEM) imaging modes for structural studies of complex tissue and cell structures. One and the same structure can now be investigated at mm to nm range in
2D and 3D.
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Plastic Structures in the Brain

Two-Photon Imaging Uncovers Dynamic Cell-cell Interactions

PD Dr Frank Kirchhoff, Max Planck Institute of Experimental Medicine, Gottingen, Germany

The two-photon laser scanning microscope represents a fascinating instrument which allows the direct observation of dynamic cell-cell interactions in the nervous
system of living animals. However, its powerful appearance at the neuroscience stage was and still is dependent on the simultaneously occurring development of
novel fluorescent dyes which either selectively label defined structures in the brain or which are genetically encoded and can be used in transgenesis. In particular,
the numerous mouse lines with cell-type specific expression of fluorescent proteins (FP) offer a wide range of novel exciting in vivo experiments in which the ex-
perimentator is a direct observer like a football supporter following the game of his team in the stadium. In transgenic mice well characterised regulatory DNA el-
ements control the expression of FPs in neurons, astrocytes, oligodendrocytes and microglia. In the following, | will provide an overview of the most prominent
plastic changes observed in the nervous system during development, in the adulthood and during neurodegeneration.
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Imaging Mitochondrial Physiology

Application of Fluorescence Imaging to Study Mitochondria

Prof Michael Duchen, University College London, United Kingdom

Live cell imaging has opened up a wealth of knowledge of cell physiology. In this essay we show how the approach lends itself to the study of mitochondrial func-
tion. Mitochondria play a pivotal role in cell life and death. Understanding the integration of mitochondrial physiology into cell signalling pathways is therefore
central to much of cell physiology, and by implication, to much of medicine. The list of diseases for which mitochondrial dysfunction is implicated as a pathogenic
mechanism continues to grow. It is therefore essential to understand the impact of mitochondrial function on cell physiology and the impact of pathophysiological
contexts on mitochondria if we are to make progress in understanding the processes that define these diseases.
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Bringing to Light

Form and Function in Animal Development

Prof Mary Dickinson, Baylor College of Medicine, Houston, United States of America

Our view of development has come to life. Developmental biologists used to rely solely on static images of fixed preparations taken at different stages to infer in-
formation about dynamic events during morphogenesis. Now, new developments in microscopy are providing a real-time view of dynamic processes of animal de-
velopment and new answers to old questions are emerging. The explosion of tools available for live cell imaging is having a tremendous impact on what can be
studied and quantified, leading to a huge refinement in our knowledge of how complex developmental processes are orchestrated at the tissue, cell and molecu-
lar level. In this review, | will describe some of the advances in microscope technology that have impacted our understanding of both morphological and physio-
logical changes in living embryos.
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Male reproductive organ of a previously undescribed butterfly species of Carpatolechia. Dissected tissue was stained with EosinY and imaged using an LSM 510.
Dr S. Lee, Mississippi University, Mississippi State, USA
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Advances in Microscopy

Dear Reader,

In the last twenty years, fluorescence light microscopy has steadily gained in importance and has
become one of the key technologies in biomedical research. This impact on the modern life sci-
ences is due to several developments. 1) Progresses in digital camera technology, computer hard-
and software and sensor electronics allow us to record more data at higher speeds and with a
much improved signal to noise ratio. 2) Genetically engineered cells and embryos allow us to la-
bel a relatively small number of molecules and thus work very specifically. 3) New methods that
provide optical sectioning allow us to work with physiologically relevant ,, thick” specimens.

4 | Editorial

The development of the microscope itself, i.e. the
improvements of the many optical elements, the
way we interact with a complex device etc., has
been tremendous and it is beyond the scope of this
special edition to give a comprehensive overview
of all recent achievements.

The invaluable advantage of modern micros-
copy results from its ability to image the complex
and dynamic aspects of natural objects in a rela-
tively well-controlled spectrally-resolved spatio-
temporal context. Beyond the beautiful insights
into structural details and the localization of mol-
ecules, it is the quantitative investigation of molec-
ular interactions and dynamics that have recently
contributed a lot to the unraveling of a variety of
nature’s facts.

It was our goal to collect a number of excellent
applications in different areas of research, in
which microscopy -or the development of a partic-
ular microscopy technique- was key to the under-
standing of biologically relevant details. We asked
the researchers to present their results to an audi-
ence, which appreciate their fascination with the
subjects and appreciates the subtle beauties of
their approaches.

Confocal fluorescence microscopy produces op-
tical sections by discrimination in the detection
process and avoids physical sectioning and de-
struction of a sample. It is widely used and within

the last decades has improved with respect to its
spatial, spectral and the temporal resolution. The
investigation of the development of the vertebrate
heart, as detailed in the article by Mary Dickinson
(page 48), requires confocal fluorescence imaging
at a rate of hundreds of frames per second, which
could only be achieved by the implementation of a
parallel scanning process.

Only very recently, another optical sectioning
technique, ‘single plane illumination microscopy’
has been developed in the team of Ernst Stelzer
(page 7), in order to further increase speed, field
of view and axial resolution with true optical sec-
tioning capability. It us used with very small as
well as relatively large objects and will have a dra-
matic impact on traditional cell biology.

Simultaneous with the improvement of optics,
specific staining methods have become available
through the development of antibody labeling, cell
permeant dyes and fluorescent fusion proteins.
The group of Atsushi Miyawaki has been very suc-
cessful in modifying and improving fluorescent
protein based probes and using them for the in-
vestigation of molecular interactions and as re-
porters for the dynamics of second messenger
molecules. He gives some fascinating insides of
their use on page 16. A variety of spectrally differ-
ent subtypes of fluorescent proteins have comple-
mented the initially identified fluorescent protein



Dr Jens Rietdorf

he means to stain biological samples us-
ing molecular biology methods. The investigation
of the vertebrate brain, as presented in the article
of Frank Kirchhoff (page 36) has profited from
both, fluorescent proteins and the use of multi-
photon microscopy, another variant of microscopy
producing optical sections. Sensors which drasti-
cally change their optical properties in response to
changes of their environment are used as report-
ers. Michael Duchen presents the use of such sen-
sors to investigate the (patho) physiology of mito-
chondria.

While a huge variety of microscopy methods is
currently available, challenges for the future re-
main. The automation of spectrally resolved, spa-
tio-temporal microscope imaging and the investi-
gation of multiple samples in a single experiment
vastly increase the amount of data obtained per
experiment, but also the overall amount of data
that has to be handled in a research department

r

Dr Patrick Schwarb Dr Roland Nitschke

or an entire institute. Further, microscopy data
derived from the use of the ever increasing
number of different optical methods have to be in-
tegrated into models and represented in a way,
that alows the human observer to make sense of
it. Roger Wepf reports on recent findings from
combining light and electron microscopy methods
on page 28.

We hope the reader of this special edition enjoy
the reading and watching of this little collection of
‘microscopy pearls’ presented here and looking
forward to the new developments we can expect
for the future.

We thank Carl Zeiss AG for the fruitful co-oper-
ation and the support of this little booklet and the
continuous development of microscopy equipment,
as well as the people from GIT Verlag for editorial
support and remain,

Sincerely,
Ernst, Jens, Patrick & Roland
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Nervous system in the head region of a young terrestrial earthworm. Depth coding projection of tubulin-stained axons, acquired with an LSM 410.
Dr H. Hessling, University of Osnabrtick, Germany



Live Cell Imaging

Imaging in Physiologically Relevant Environments: 3DSquared

Advances in the life sciences rely on our ability to observe dynamic processes in live systems and in
environments that mimic physiologically relevant in vivo conditions. In tissues, cells-usually grow
and differentiate in a gel-like three-dimensional environment (extracellular-matrix, ECM). The cells
themselves synthesize their various compounds. The biochemical and mechanical properties of the
ECM trigger specific cellular events, particularly responses to mechanical stress. During the develop-
ment of an organ or an organism, the extracellular microenvironment influences the behavior of
the cell population. The hard and flat surfaces of the Petri dish provides an environment different
from that encountered in living organisms. Cells adapt to such an environment by changing their
metabolic function. Consequently, some phenotypes lack key properties of the original tissue. This
limits the potential of two-dimensional cell systems to predict cellular responses of real organisms.
Applying three-dimensional cultures is thus motivated by the necessity to work with cellular
models that are ,closer” to living tissues. Such cultures could have a strong impact on the effi-
ciency of drug screening and contribute to a decrease in the use of laboratory animals, e.g. in
the context of toxicity assays. The dichotomy between “two-dimensional” and “three-dimen-
sional” approaches is found at multiple levels of experimental complexity ranging from highly
simplified biophysical studies to entire developing organisms.

We describe three seemingly different sets of experiments. 1) We perform experiments in a
three-dimensional environment using physiological microtubule extracts that provide a deeper
insight into their nano-scale behavior. 2) We describe different approaches to cultivating cells
in three-dimensional environments. 3) We point out the importance of model embryos. A com-
mon aspect is the combination of three-dimensional sample preparation with three-dimen-
sional imaging light sheet based fluorescence microscopy (3D-squared, Stelzer & Keller 2007).

SATHA TV ADESIE E ST X FDEMIYATLR EBNICEKRDH SN VivolOEWEH T T
ETVWBRYAF IV RERZER I 2RADENICES TV EBE. BBNIcH MBI IVIRD=
RITHRRE (ECM=HEINEE) DHE TEE - M E TS5 MIEEEN NS DI XTI HFLREE VL
EYMEERT 5. ECMDAE{LZH. hZHAMERISHEOS RN RIS EER U S ICHEWRIBUSZ
5| ERIT. B EPEMEZTDLDDHREBEELE L THREAROHNREISHMIEERDORE ICHE
"B Z 2 BLESBRNMKREDORE G HIENEROAEDRERDF THESEDEIFER>TWS.Z
SULREBICHIBIIR ST AL I B EICLDBEIS T D ERELT. INETICAShTWS T/
A4 7F. DEDHEDEBNICH FBHEEREZEITTNS, EWS T EICHRS, BEEOEMKICE 1T
FRREEZBITUESEUcEE I, ZRTHARHEY R T LD MREICIEHIKIN H S,

P EDZEZEIFA ZRTMBEE VAT AF EELFTFOEFERICKI D EVWEHFTHRIEBET L Z
MEITLIZDEENSEBAINDZEITRSTo CDOBB VAT LAEIEZICRITDRZYT - A==y
DHERICABBEUVWEEESZ e ZXEEABRRE TEDNIEREYOM RIS IEBE35,"Z
R F TA—F & =RIT N7 7O—FEWS ZHEE G EbHTEMML S nicEY IR 2T
Do, —EEOREICEDETOIEIELBEICRIIZERBRRICEZ ITE5N S,

CITEHERIF ZEEORBRRICOWTEHRALLEW. (1 HMUNEZETHlMERZE > I = RITREIC
BIIBEBREHRAIIIT O MNED T/ AT =)L LRILDEEZEASMNC Uz, (2) = RITTRETOM
REBROIEIEFLTIO—F (3) IFXTEFRETIHOEEEAIER T 2. BT SR d=XRThH
BERFEUICY Y TIVORREE Y — N ERABEHERZANR U ZRITAA—I VT DEAEDET
%% ((3D-squared, Stelzer & Keller 2007),

Light Sheet Based cence excitation and detection. Confocal theta flu-
Fluorescence Microscopy orescence microscopy (Stelzer & Lindek 1994)

introduced the use of separate lenses for illumina-
Conventional and confocal epi-fluorescence mi- tion and detection. In such an azimuthal system,
croscopies employ the same lens for both fluores-  the optical axes are arranged at an angle between

microtubules, fluorescence
microscopy, single plane
illumination microscopy
(SPIM), cell biology, devel-
opmental biology

Live Cell Imaging



Fig. 1: Microtubule asters in inter-
phase Xenopus laevis egg extract.
A: Maximum-intensity projec-
tion of a three-dimensional
LSFM data set of a microtubule
aster polymerized in high-speed
interphasic Xenopus laevis

egg extract. The three-dimen-
sional image stack contains

68 planes at 300 nm spacing.
Tubulin was labeled with
TAMRA. Detection via Carl
Zeiss Achroplan W 100x/1.0
lens. Sample preparation by
Annie Rousselet (Institut Curie),
imaging by Philipp J. Keller.

B: Three-dimensional reconstruc-
tion of the microtubule aster
with custom automated image
processing routines. Green trac-
es indicate microtubules that
were partly located outside the
recording volume. For those
traces, the last cross does not
correspond to the plus-end, but
rather to the position at which
the tracing algorithm recognized
an intersection of the microtu-
bule’s contour with the record-
ing volume’s boundaries. Red
traces indicate MTs that were
located fully inside the recording
volume. Scale bar 10 pm.

C: Maximum-intensity projec-
tions of a SPIM time-lapse 3D
recording in interphase Xeno-
pus laevis egg extract. Each
projection is based on 28
planes recorded at a spacing of
700 nm. Tubulin was labeled at
a low ratio with Alexa-488.
Elapsed time is relative to the
start time of imaging. Carl Zeiss
Achroplan 100x/1.0 water ob-
jective. Scale bar 10 um.
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80° and 110°, which improves the axial resolution
instrumentally by a factor between five and ten
and results in an almost spherical point spread
function.

The wide-field implementation of the theta
principle illuminates the specimen along an entire
plane with a light sheet. The use of light sheets for
imaging purposes has been known for more than
one hundred years (e.g. Siedentopf & Zsigmondy
1903). However, its applicability for high-resolu-
tion fluorescence light microscopy has not been
realized until recently. One implementation of a
light-sheet-based fluorescence microscope (LSFM)
is EMBLs Single Plane Illumination Microscope
(SPIM, Huisken et al. 2004, Greger et al. 2007).
Such a system relies on two independent proc-
esses: excitation of a fluoropohore and observa-
tion of a fluorescence signal. Optical sectioning
arises from the overlap between the focal plane of
the fluorescence detection system and the central
plane of the excitation light sheet.

Conventional as well as confocal fluorescence
microscopes excite fluorophores along the entire
illumination axis. Hence, when recording a single
plane they cause damage almost everywhere in
the object. The three-dimensional resolution of
confocal fluorescence microscopes is achieved by
discriminating against the light that is emitted
outside the focal plane. In contrast, SPIM provides
optical sectioning directly. It only excites the fluor-
ophores in the illuminated plane and completely
avoids photo-bleaching and other photo-induced
damage outside the thin volume of interest.
Thereby, it greatly reduces photo-toxic effects,
which actually cause problems in all experiments

that rely on imaging. Therefore, light sheet-based
fluorescence microscopes are particularly well
suited for imaging sensitive biological objects over
long periods of time.

This implies that long working distance lenses,
which usually have a lower numerical aperture
(NA) and are therefore less efficient in light collec-
tion, can be applied. Since SPIM performs well
with long working-distance lenses and has an ex-
cellent penetration depth, it allows the observa-
tion of millimeter-sized specimens in their entirety
and as a function of time.

Since the NA of the illumination system is much
smaller than that of the detection system, LSFM
have a good penetration depth. The illumination
NA is 1/6 to 1/10 of the detection NA. Importantly,
LSFM takes advantage of state-of-the-art scientific
cameras and easily records up to seven frames (4
mega pixels each) per second with a dynamic
range of 12-14 bits.

In EMBL’s LSFMs, a further increase in resolu-
tion and information content can be obtained by
observing the same specimen multiple times, but
along different directions. Parts of the sample that
would otherwise be hidden or obscured along one
direction now become visible. In a further step, re-
searchers can combine stacks of typically 100-
2000 images that were recorded along different
directions in later image processing steps to yield
very high-resolution images (Swoger et al. 2007).

In such data sets, the lateral resolution domi-
nates the three-dimensional resolution and the
resolution actually becomes identical (i.e. iso-
tropic) along all directions (Swoger et al. 2007).
When compared to conventional microscopy, this




results in an axial resolution improvement by a
factor of five to ten. Since imaging with a SPIM
provides an excellent signal-to-noise ratio, many
image-processing procedures such as deconvolu-
tion work extremely well (Verveer et al. 2007).

Assuming one observes GFP, a lens with an NA
of 0.16 will provide a lateral resolution of 2pm
and an axial resolution of 7um (about six and four
times better than a conventional respectively a
confocal microscope), while an NA of 1.0 will pro-
vide 0.3pm and 0.9pm respectively (Engelbrecht
& Stelzer 2007). In a multiple view recording, the
axial resolution can drop to 2pm and 0.3 pm, re-
spectively. This can result in isotropic resolutions
of 1.4pm and 0.2pm for the two objective lenses
mentioned above.

Current efforts in SPIM technology develop-
ment aim at the integration of advanced light mi-
croscope methods (such as lifetime imaging, photo
activation, etc.) and optical manipulation tools
(such as optical tweezers and three-dimensional
laser ablation). Additionally, we are investigating
new approaches that improve essential technical
parameters like sample depth penetration, image
resolution, image homogeneity and imaging
speed.

Microtubules

Microtubules are of particular interest in cell biol-
ogy as well as in biophysics (Bray 2001). They are
hollow cylindrical structures (app. 25nm in diam-
eter), which are found in the cytoplasm of a cell.
Microtubules are involved in intracellular trans-
port and cell shape regulation. Microtubules are
very dynamic structures, i.e. they constantly
switch between phases of growth, shrinkage and
pausing. This behavior has been termed microtu-
bule dynamic instability. Conventional 2D in vitro
approaches study microtubule dynamic instability
in artificial set-ups, which bias certain aspects of
the microtubules’ dynamic properties and intro-
duce artifacts via the hard and flat surfaces, e.g.
of the surrounding glass. The microtubules’ prox-
imity to hard glass surfaces accounts for a dy-
namic behavior of these protein polymers that
seems different in a more physiological setting.
Hence, overcoming the limitations of traditional
microscopy is crucial to quantitatively access the
microtubules® intrinsic properties.

We introduced a three-dimensional experimen-
tal approach to studies of microtubule dynamics,
based on laser light-sheet fluorescence microscopy
and a sample preparation in spacious transparent
Teflon cylinders (Keller et al. 2006, Keller et al.
2007). Using these cylinders, microtubule asters
(star-shaped microtubule structures nucleated
from centrosomes) can form in a mechanically al-
most unconstrained environment (Fig. 1A, B). In
such a three-dimensional situation, the surface-
over-volume ratio is smaller by a factor of 50 than

in a classical 2D sample preparation. The biopoly-
mers encounter no hard artificial surfaces and
tend to behave much more like in a natural envi-
ronment (Fig. 1C). Moreover, in order to ensure a
physiologically relevant context, the microtubule
asters are polymerized in Xenopus laevis egg ex-
tracts rather than in a buffer-based system.

Our experiments show that microtubules be-
have quite differently in an unconstrained three-
dimensional system. The most striking differences
are a dramatically reduced probability of microtu-
bule shrinkage (by a factor of twelve), an increase
in microtubule pausing (by a factor of three) and a
reduction of the polymers’ growth speed (by a fac-
tor of two) in three dimensions. These differences
of up to one order of magnitude illustrate the
strong influence of the experimental approach on
the measurements themselves as well as the need
to explicitly consider the third dimension to obtain
quantitatively meaningful data. In addition, the
three-dimensional system allows for the analysis
of almost all of a microtubule asters filaments and
thereby gives experimental access to microtubule
population statistics. This is particularly helpful in
case rare dynamic events are to be analyzed quan-
titatively. We demonstrate the potential of this
technique by deriving evidence for a stochastic
character of microtubule pausing.

In summary, our results support previous stud-
ies that have found microtubule growth rates and
frequencies of catastrophe (i.e. the rate of switch-
ing from the polymerizing/growing to the de-
polymerizing/shrinking state) to be force-depend-

glass
capillary

silicone ]
| .

sample
cylinder

4

| !.ﬂ.:

Fig. 2: Three-dimensional prepa-
ration of Xenopus laevis egg ex-
tracts in transparent Teflon-
based cylinders. A polytetraflu-
orethylen (PTFE) cylinder loaded
with egg extract as employed in
the 3D experiments of microtu-
bule dynamic instability. The cyl-
inder is formed using a 25 pm
thin PTFE foil. By application of
heat, the bottom part and the
seam of the cylinder are sealed.
A glass capillary is glued to the
cylinder with silicone. While the
heat seal prevents contact of
the silicone with the inside of
the PTFE cylinder, the mineral
oil protects the egg extract from
degradation caused by oxygen
in the air.
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Fig. 3: Three-dimensional cell
biology with light sheet-based
fluorescence microscopy.

A: Preparation of a stable, opti-
cally clear agarose beaker for
three-dimensional cell cultures.
1. Liquid agarose is poured into
a template and forms a small
beaker. 2. A cell/ECM-gel mix is
deposited into the beaker. 3. A
plastic holder ensures stability
for time-lapse studies.

B: Autoclavable cell culture
chamber for SPIM. An integrat-
ed heater maintains the tem-
perature at 37 + 0.1 °C. The ob-
jective lens is immersed into
the medium.

1 2
agarose beaker cells-ECM gel mix
for the ECM is poured into
matrix the agarose

beaker
rigid plastic
holder
3 4
ECM
matrix

Cells-ECM mix is sample

allowed to gel and

is subsequently
put in culture Betions piig

ent (Dogterom & Yurke 1997). Moreover, research
has also shown similar effects when comparing 2D
in vitro and in vivo experiments. For instance, in
the fission yeast Schizosaccharomyces pombe, mi-
crotubule bundles seem to bend rather than de-
polymerize spontaneously when they touch the
yeast’s cell membrane (a behavior that is quite in
contrast to that observed with glass surfaces).
Currently, we adopt our three-dimensional study
to other dynamic cellular processes. We expect
our methods and results to have a major impact
on the understanding of the mechanical proper-
ties of tissue cells, an aspect that we will focus on
next.

Three-dimensional Cell Cultures

An increasing amount of experimental data shows
that growing cells within three-dimensional ma-
trices reduces the gap between cell cultures and
real tissues. In living tissues, cells interact through
cell-cell and cell-ECM contacts (ECM: extracellular
matrix). This signaling network extends in three
dimensions and controls tissue specificity and
homeostasis. Three-dimensional cell cultures
mimic in vitro such physiological cell-cell and cell-
ECM interactions. Therefore, they are a better

heating block

model of real tissues when compared to conven-
tional two-dimensional cultures.

Several studies show that the physiological rel-
evance of cell-based assays is improved by
employing three-dimensional cultures. A three-
dimensional approach can increase the predictive
power of in vitro drug and toxicity screenings, and
contributes to the reduction of the number of test
animals employed in both pharmaceutical indus-
try and basic research.

Three-dimensional cultures are currently ap-
plied to a broad range of investigations in cell bio-
logy. These include tumor biology, cell migration,
and epithelial morphogenesis.

Tumor biology. Mina Bissell pioneered the idea
of culturing cells in three-dimensional basal mem-
brane gel (Matrigel) in order to elucidate the steps
leading to malignant transformation in breast can-
cer. Healthy and tumor cells are easily distinguished
by employing a three-dimensional assay. In fact,
healthy cells start organizing into mammary acini
and to secrete milk in three-dimensional Matrigel,
while cancerous cells grow to a disordered tumor-
like mass. In contrast, two-dimensional cultures do
not reveal any phenotypic difference between nor-
mal and neoplastic breast cells. By using three-
dimensional assays, Bissel and collaborators showed
that malignant breast cancer cells can be reverted
to normally proliferating cells. This process is
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started by inhibiting receptors involved in cell-ma-
trix interaction, such as the 1 integrins or epithe-
lial growth-factor receptors (Bissel et al. 2003).

By employing time-lapse imaging of three-di-
mensional cultures in collagen, Friedl and collabo-
rators showed that invasive cancer cells easily
change migration strategy. Metastatic cells can
switch from mesenchymal (spindle-shaped cells)
to amoeboid (spherical-shaped cells) motility. Such
plasticity allows the cells to elude pharmacological
treatment aimed to stop metastasis (Friedl & Wolf
2003).

The studies pioneered by Bissel and Friedl, and
currently pursued by an increasing number of re-
searchers worldwide, pave the road to novel can-
cer therapies targeting the cell’s microenviron-
ment rather the cell as an isolated entity.

Epithelial morphogenesis. The dichotomy be-
tween two- and three-dimensional cell culture sys-
tems is highlighted by the investigation of epithe-

lial morphogenesis. Along with mammary cells, a
very useful model system is represented by Ma-
din-Darby Canine Kidney (MDCK) cells. MDCK
cells cultured in three-dimensional collagen start
an intrinsic differentiation program and form
spherical monolayers with a hollow lumen (cysts),
which resemble rudimentary epithelial suborgans
(Fig. 4). Upon chemical stimulation (for example
with hepatocyte growth factor), MDCK cysts un-
dergo partial de-differentiation (epithelial-mesen-
chymal transition) developing branching tubules
(a process called tubulogenesis). Cysts and tubules
are fully polarized: they have an apical surface
facing the cavity lumen and a basolateral surface
contacting neighboring cells and the extracellular
matrix. Interestingly, MDCK cells growing within
the gel create their polarization cue autonomously,
starting from a nearly isotropic situation. By con-
trast, in two-dimensional cultures it is the under-
lying substrate that provides an intrinsically ani-
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Fig. 4: Three-dimensional cell culture and MDCK cystogenesis.
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A: Cell-cell and cell-environment interactions in 2D culture conditions. In the 2D experimental situation, cells are cultured as a monolayer on
a hard and flat surface (e.g. glass slides, plastic Petri dishes). Cell-substrate interactions (1A-1). Cells receive a strong anisotropic mechanical
cue from the underlying surface, and are stimulated to produce strong adhesions centres (e.g. the formation of focal adhesions and actin
stress fibres is enhanced). Cell-cell interactions (1A-2). On monolayers, the cell-cell contact surface is thin and nearly two-dimensional. Cells
stop growing when the monolayer reaches confluence (contact inhibition), but the insufficient lateral interactions do not allow the establish-
ment of a defined lateral polarity. Cell-media interactions (1A-3). The cells in the monolayer receive nutrients, biochemical signals (e.g. from
growth factors), and oxygen from the overlying culture media (1A-2). Cells also secrete biomolecules into the media. However, no mechani-
cal stimulation is provided by the overlying liquid media.

B: Cell-cell and cell-environment interactions in three-dimensional cell culture. The cystogenesis process by Madin-Darby Canine Kidney epi-
thelial cells (MDCK cells) in a three-dimensional hydrated collagen matrix is illustrated. Single MDCK cells are embedded in a soft gel. This
environment, different from 2D culture surfaces, represents for the cell a mechanically and biochemically isotropic environment (C-1, the ar-
rows represent mechano-chemical stimuli from the cell to the environment and from the environment to the cell). After mitosis (1C-2), the
two daughter cells dramatically rearrange their architecture in order to create an extended cell-cell surface (compaction, 1C-3). Cell-cell sur-
face creation is a symmetry-breaking event (1C-3, arrows) leading ultimately to full basolateral-apical polarization: an anisotropy axis direct-
ed from the plasma membrane in contact with the collagen matrix toward the cell-cell surface is created (1C-3). Cycles of mitosis and com-
paction are repeated, and cells aggregate to a cluster (1C-4, 1C-5). Subsequently, formation of a hollow lumen, by membrane separation and
apoptosis create a third surface (the apical surface) for the cells. Such chain of cellular processes eventually leads to full cyst maturation
(1C-6). A mature cyst is composed by a spherical monolayer of about fifty polarized cells surrounding a liquid-filled lumen. A cell in a cyst
has a well defined basolateral-apical polarization: a basal surface in contact with the matrix, lateral contacts with the adjacent cells, and an
apical surface facing the lumen (1C-6, arrows). Such a three-surfaces architecture creates a coherent information network (the “cell con-
text”) that ensures maintenance of cyst homeostasis.

C: Time-lapse SPIMaging of MDCK cystogenesis. These time series shows the development of a MDCK cyst (cystogenesis) observed with
light-sheet fluorescence microscopy. MDCK cells were embedded in Matrigel-and cultured by employing the set-up illustrated in figure 4
(SPIM workstation for three-dimensional cell culture). Optimum culturing conditions were obtained by continuous perfusion of the culturing
medium and by ensuring constant temperature and pH. Each frame represents the middle slice of a complete three-dimensional data set of a
developing cyst. The cells were transfected with GFP-actin. The first frame shows a small 4-cells cyst. The cell divides and progressively the
hollow internal lumen develops. The total acquisition time for this data set is 72 hours. The scale bar corresponds to 25 pm.
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Fig. 5: Nervous system of a
Medaka fish embryo. Maxi-
mum-intensity projections of
two LSFM image stacks, show-
ing a Medaka fish embryo with
acetylated tubulin immuno-
staining in different orienta-
tions (relative angle 150°). The
maximum-projection of each
view is based on 2048 planes.
The staining shows the em-
bryo’s entire nervous system.
Detection via Carl Zeiss Plan-
Neofluar 2.5x/0.075 lens. Scale
bar 500 pm. Microscope devel-
opment by Philipp J. Keller and
Ernst H.K. Stelzer, sample prep-
aration by Annette Schmidt and
Lazaro Centanin (European Mo-
lecular Biology Laboratory), im-
aging by Philipp J. Keller.
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sotropic cue for the establishment of the
polarization axis. Moreover, MDCK monolayers
grown on a flat substrate are only partially pola-
rized since the nutrients have a limited access to
the basal side (O’Brien et al. 2002).

Gene expression. Pioneering experiments per-
formed by Bissell and collaborators over two dec-
ades ago showed for the first time that the ECM
affected chromatin structure and thereby gene
expression in mammary epithelial cell lines. Now,
it is well acknowledged that cells cultured in
three dimensions have a different gene expres-
sion compared to their two-dimensional counter-
parts. Melanoma cells cultured on flat substrates
up- and down-regulate other genes if the same
cells are cultured as three-dimensional sphe-
roids. Interestingly, the genes that are up-regu-
lated in the spheroids are also found to be up-
regulated in tumor biopsies. Another example is
provided by the GTPase protein Racl. It was
found that expression of Rac1 is fundamental for
the establishment of epithelial polarity in cells
that are cultured within three-dimensional colla-
gen. However, Racl is not expressed in the same
cells grown as monolayers on flat surfaces
(O’Brien et al. 2001).

Developmental biology. Cell-cell and cell-envi-
ronment interactions are essential for tissue mor-
phogenesis in developing embryos. Time-lapse
analysis of three-dimensional cell trajectories in
vivo with confocal microscopy has provided new
insights into such interactions. Large shear forces
induced by blood flow are necessary for the cor-
rect heart development in zebrafish. In vivo stud-
ies on chick embryos revealed that the fate and
the position of individual cells during somite
boundary formation do not exclusively rely on
gene expression patterns. Instead, multiple guid-
ance cues are involved, among them mechanical
forces within the developing tissue. Thus, previ-
ous models assuming strict molecular “pre-pro-

gramming” have to be revised by taking into ac-
count bi-directional communication between cells
and the surrounding microenvironment (Kulesa &
Fraser 2002). The application of developmental
biology concepts to cancer biology is providing
new insights into the role of the microenviron-
ment in cancer progression. Invasive human GFP-
labeled melanoma cells were transplanted into
the neural crest of an embryonic chick model and
analyzed after several days of incubation. Instead
of forming a tumor, melanoma cells responded to
the embryonic microenvironment and reversed to
a normal phenotype, as confirmed by the detec-
tion of melanocyte and neuronal markers not ex-
pressed at the time of transplantation (Kulesa et
al. 2006).

The need for quantitative and physiologically
relevant cellular systems is particularly perceived
in the drug screening process. Currently, a drug
candidate entering testing phase one will reach
the bedside with a probability of 8 % only. A high
failure rate and rising costs are serious chal-
lenges for pharmaceutical companies (USA-FDA
2004). Cell-based assays are assumed to improve
the success rate at the early stages of the drug
discovery process by providing a cell-specific re-
sponse, which is missing in the target-oriented
approach. Reproducing the phenotype of the tar-
get tissue in cultured cells is essential for obtain-
ing reliable biomedical data. However, monolayer
cell cultures lose their tissue-related functions
rapidly, seriously impairing the predictive power
of the assays. An example is provided by hepato-
cytes. If cultured as a monolayer, primary hepa-
tocytes become undifferentiated after a few
passages. Strikingly, the biosynthesis of drug-
metabolizing enzymes, which is essential for tox-
icity assays in pharmaceutical research (toxic
side-effects are one of the most common reasons
for the failure of a drug candidate), is among the
first functions to be lost (Gomez-Lechdén et al.



1998). Studies have shown that re-establishing
(at least partially) the original mechanical and
chemical milieu preserves liver-specific functions
for longer periods of time. This is achieved by
embedding primary hepatic cells within three-di-
mensional matrices such as collagen and aggre-
gating them to spheroids (Berthiaume et al.
1996).

Selected 3D model systems. A systematic col-
lection of methods that helps scientists in the tran-
sition from monolayer cultures to three-dimen-
sional systems is still lacking, despite detailed
protocols start to be available. A closer collabora-
tion between tissue engineers and cell biologists is
required to fill this gap. Currently, several model
systems are available.

Cellular spheroids. Cellular spheroids are sim-
ple three-dimensional systems, which take advan-
tage of the natural tendency of many cell types to
aggregate. Spheroids from a broad range of cell
types are produced easily by the “hanging-drop
technique”. Spheroids can be obtained from single
cultures or co-cultures (mono- or multicellular
spheroids, respectively). The most obvious advan-
tage of spheroids is that they do not require exter-
nal scaffolds to aggregate. Cellular spheroids are
the system of choice for therapeutically oriented
biomedical studies.

Epithelial cell lines. Models of polarized epi-
thelial tissues are obtained by growing nontrans-
formed immortalized epithelial cell lines under
three-dimensional conditions. Examples are the
aforementioned MDCK cells and mammary cell
lines (such as MCF-10A cells). Such cells grow as
hollow spherical monolayers within ECM gels
(Fig. 4B,C). The tissue counterparts of these sub-
organ structures are common to most of the glan-
dular organs, such as breast, kidney, and salivary
glands.

Organ explants. Organ explant slices can be
cultured on semiporous membranes or embedded
in three-dimensional collagen gel. Organotypic
slice culture preserves the cytoarchitecture and
the differentiation of the original tissue. Applica-
tions are in brain physiology, and in studies on the
development of ureteric buds.

Living embryos. Embryos provide data on the
behavior of cells in a truly physiological environ-
ment. Culturing drosophila, medaka, and ze-
brafish embryos in vitro allows some flexibility in
the setting of environmental parameters. In con-
trast, mammalian embryos (e.g. mouse embryos)
require controlled temperature and oxygenation
to maintain their viability during an experiment.
Different static culture systems suitable for time-
lapse imaging of pre- and post-implantation em-
bryos were developed (Jones et al. 2002).

Researchers working with three-dimensional
cellular systems face several technical chal-
lenges. Large cellular aggregates require a care-
ful control of the gas exchange as well as the dif-
fusion of soluble nutrients and chemical agents.
Biochemical analysis is complicated by the lower

cell density and the additional steps required
separating the cells from the matrix. Since most
of the currently available ECM gels are extracted
from animals or cultured cells, quality control is
difficult. For example, the amount of undesired
soluble components varies between batches. This
reduces the reliability and reproducibility of the
assays. Progress is achieved with fully synthetic
fibrous biopolymer scaffolds. Gels resulting from
molecular self-assembling of synthetic oligopep-
tides are now available for three-dimensional
cell cultures (i.e. the commercially available
Puramatrix). At pH and temperature conditions
compatible with tissue culture, the oligopeptide
building blocks form a well-defined scaffold
made of nanometer-sized fibers. Nanometer-
sized fibers and pores are essential to ensure a
true three-dimensional environment for the cells.
A further advantage is that such gels can be cus-
tom-tailored with specific amino-acidic se-
quences recognized by the cell’s adhesion recep-
tors. Progress in optical microscopy has to
overcome the challenges preventing high-resolu-
tion live imaging of sensitive three-dimensional
samples. A new SPIM-based workstation was
specifically developed to investigate cell cultured
in complex three-dimensional environments.
Three-dimensional cell cultures can be observed
for several days under tightly controlled pH and
temperature conditions (Fig. 3). With this ap-
proach, three-dimensional fluorescence live im-
aging of MDCK cystogenesis was achieved (Fig.
4C).

Small Animal Model Systems

The ultimate goal of moving towards three-dimen-
sional and close-to-life conditions is the study of
living whole animals and organs. Apart from
three-dimensional cell cultures, our current ef-
forts are therefore focused on the three-dimen-
sional investigation of embryo development. The
study of the nervous system in Medaka fish em-
bryos (Fig. 5) is an example of such an application.
The embryo in figure 5 is seven days old and al-
ready approx. 3.5mm long. The possibility to
record multiple views of such large specimens
with light sheet based fluorescence microscopy
constitutes a simple way to address the issue of
depth penetration in light microscopy. Although
only two views of the same fish embryo are shown
in figure 5, the acquisition of large and detailed
multi-view data sets is straightforward, owing to
the rotational degree of freedom in sample posi-
tioning and the long working distance lenses used
in LSFM. Since single image stacks (i.e. single
views) are typically recorded in under one minute
in LSFM, a multi-view reconstruction of an entire
embryo can be performed from the living speci-
men at a good temporal resolution (e.g. down to 5
minutes in an eight-view data set). Importantly,
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the resulting good spatio-temporal resolution and
manageable sample sizes clearly outperform the
capabilities of confocal and multi-photon micro-
scopies.

Outlook

The physiological relevance of three-dimensional
cell cultures makes them a fundamental research
tool in cell biology and will likely foster the further
integration of genomics, proteomics and molecu-
lar cell biology data. This will result in improved
models of tissues and organisms. Three-dimen-
sional cell systems will allow more physiologically
relevant screening assays for drug discovery and
clinical research. Large-scale toxicity screenings
like the recently started Registration, Evaluation
and Authorization of Chemicals (REACH) Program
of the European Union require the sacrifice of
thousands of laboratory animals. Three-dimen-
sional cell cultures could provide an alternative,
which is attractive for both ethical and economical
reasons.

Almost half a century ago, Karl Popper noted
that the sciences, in particular the natural sci-
ences, evolve by breaking a dogma and developing
new ones. In the early 1900s, pioneers like Ross G.
Harrison broke a central dogma of physiology by
removing single cells from organisms and growing
them in nutrient media. Such pioneering work
separated cell biology from developmental biology
and established the principle of cell culture, trig-
gering a revolution that became mainstream and
still helps us to address fundamental cellular phe-
nomena. However, ongoing technical advances in
tissue engineering and microscopy are now re-
moving many obstacles in the growth and obser-
vation of cells in their natural tissue environment.

We believe that a more complete view becomes
possible. Questions arising in biophysics, cell biol-
ogy and developmental biology can be addressed
with similar tools and with the same mind-set.
Thus, seemingly different experiments become
more relevant by relying on comparable com-
pounds. Nevertheless, it is still a challenge to move
into the third dimension in life sciences research.
Although the scientific community is starting to
realize the importance of introducing such ap-
proaches routinely, the main drive does not arise
from basic research in cell biology but rather from
the clinicians — those who would ultimately like to
take advantage of the results of modern molecular
biology.
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Fig. 1: Excitation (broken line)
and emission (solid line) spec-
tra of CFP (cyan) and mKeima
(red). Nor. F. I.: normalized fluo-
rescence intensity. The laser line
(458 nm) and the transmittance
spectra for the emission filters
are indicated.

fluorescent protein / fluores-
cence resonance energy trans-
fer / fluorescence cross-correla-
tion spectroscopy / bimolecular
fluorescence complementation
/ protein-protein interaction
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Isualizing Protein-protein

Interactions

orrelation and Complementation

Microscopy utilizing fluorescence resonance
energy transfer (FRET) with green fluorescent
protein (GFP) derivatives has offered a first
g/impse into the spatio-temporal aspects of
ological activities. On the other hand, fluo-
e cross-correlation spectroscopy (FCCS)
@Edven to be a promising technique for
ifying protein-protein interactions. Al-
though FCCS does not produce direct images,
it provides more quantitative information of
the interactions since it is more sensitive than
FRET. Also, bimolecular fluorescence comple-
mentation (BiFC) has been used to reliably
analyze the occurrence and subcellular locali-
zation of protein-protein interactions in live
cells. Although the irreversible binding of flu-
orescent protein fragments poses as a limita-
tion of this technique, BiFC can provide high
sensitivity, temporally-integrated information
of protein-protein interactions.
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IXVE (GFP) DR E AR ZE > fc N HIETRIL
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B HE (FCCS) IdAIE RICH T2 EED FE
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mals, an increasing body of re-
searchers have been earnestly

BP615-680 anticipating the development of

Nor. F.I. or %T

a tool for the direct visualization
of biological functions [2]. Such
a desire, increasingly realized
by the marriage of FPs with flu-
orescence resonance energy
transfer (FRET) [3], is further
fueled by the need for more
thorough post-genomic analyses
of protein function. FRET imag-
ing technologies using live sam-
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T 2 T
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I ples permit analysis of the spa-
700 tio-temporal patterns of many
biological functions. Because
live samples are highly dynamic,

In this review, the term ‘fluorescent proteins’ (FPs)
is used to describe proteins that become sponta-
neously fluorescent via the autocatalytic synthesis
of a chromophore [1]. With the emergence in the
last decade of the spectral variants of Aequorea
green fluorescent protein (GFP) along with GFP-
like fluorescent proteins isolated from other ani-

and because fluorescent signals
are capable of reflecting current states, multiple
time-lapse images are often collected to explore
temporal regulation of biological functions. As the
techniques that may complement FRET technique,
here T will deal with fluorescence cross-correla-
tion spectroscopy (FCCS) [4] and bimolecular fluo-
rescence complementation (BiFC) [5]. I will also



explain the basic features of the chromophore and
the B-barrel of FPs in order to clarify the underly-
ing principles behind BiFC.

Dual-color Single-laser Fluorescence
Cross-correlation Spectroscopy

Dual-color fluorescence cross-correlation spec-
troscopy (FCCS) is a promising technique which
can quantify protein-protein interactions [4]. FCCS
has several advantages over standard fluores-
cence correlation spectroscopy (FCS). Whereas
FCS detects molecular concentration and mobility,
FCCS enables the tracing of two spectrally distin-
guishable fluorophores, thereby extracting essen-
tial information about the kinetics of molecular in-
teractions. In this technique, two different
fluorescent labels are excited and detected simul-
taneously within a common measurement volume.
In order to achieve simultaneous excitation, two
lasers are aimed at the same confocal spot. Bring-
ing two laser beams to a perfect and stable over-
lap, however, is often difficult. Although FCCS can
be performed using a single laser line (SL-FCCS:
single laser-line excitation FCCS) for single-photon
excitation [6], complex mathematical computa-
tions are required to compensate for cross-excita-
tion, cross-talk, and FRET when researchers use
common fluorescent proteins which have broad
excitation and emission spectra but modest Stokes
shifts. One solution for efficient simultaneous exci-
tation may come from two-photon excitation (TPE)
microscopy [7], where two differently colored fluo-
rescent proteins can be excited simultaneously by
a single infra-red ultra-short pulse laser line due
to the blue-shift effect. Although the TPE-SL-FCCS
method has been shown to be successful [7], TPE
requires expensive equipment and expertise of
operation. Also, it is important to note that in TPE,
the rate of bleaching per unit excitation increases
supralinearly with pulse intensity [8]. This may
add another decay component, thereby making
analyses complex.

To generate a pair of fluorescent proteins hav-
ing comparable excitation maxima but sufficiently
different Stokes shifts, the development of fluores-
cent proteins that show large Stokes shifts was
pursued. A recently developed far-red fluorescent
protein, Keima, is endowed with a large Stokes
shift [9]. It absorbs light maximally at 440 nm and
emits maximally at 620 nm. Use of a monomeric
version of Keima (mKeima) together with cyan flu-
orescent protein (CFP) allows for simple yet effi-
cient FCCS using a single 458-nm argon laser line
(Fig. 1). Due to the complete separation of the
emissions of these proteins, this FCCS approach
enables high sensitivity detection of the associa-
tion of calmodulin (CaM) with CaM-dependent en-
zymes in vitro (Fig. 2A). Since the detection of mo-
lecular associations by FCCS is not usually affected
by fusion design or the size of host proteins, this
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technique is applicable to high-throughput screen-
ing for interacting protein pairs. By contrast, FRET
efficiency is highly sensitive to the way by which
the two fluorescent proteins are fused to the host
proteins; a substantial amount of work is required
to obtain fusion constructs that give significant
changes in FRET signal upon CaM/CaMKI associa-
tion. However, reversible molecular interactions
should be more difficult to detect in live cells than
in in vitro experiments. Because cells contain en-
dogenous unlabeled molecules that can interfere
with the association between two distinct fluores-
cently labeled species, FCCS signals may be atten-
uated. The introduction of more labeled molecules
into live cells may overcome this interference; un-
like FRET, however, FCCS requires that the con-

Fig. 2: Single laser wavelength
(458 nm) excitation FCCS using
mKeima and CFP. Gc(t): the
cross-correlation function. (A)
Monitoring of the Ca?*-depend-
ent association between CaM
and CaMKI. Cross-correlation
curves were measured in the
presence of 0.1 mM EGTA (blue,
Ca?*(-)) and then after the addi-
tion of 1 mM CaCl, (red,
Caz*(+)). (B) In vitro cross-cor-
relation analysis. Cross-correla-
tion curves measured at 0s
(red) and 5005 (blue) after the
addition of caspase-3. (C)
Cross-correlation analysis in
live HeLa cells. Cross-correla-
tion curves measured from anti-
Fas antibody-treated (blue) and
non-treated (red) cells express-
ing the sensor protein.
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Fig. 3: Comparison of schemes
for the formation and matura-
tion of chromophores in FPs.
The B-can structure represents
the native conformation of the
protein, while the denatured
form is depicted as an irregular
chain. mt-conjugation for visible-
light absorption is indicated in
green or red. Neighboring ami-
no acids (single-letter code)
have been added. (A) Scheme
for the formation of 4-(p-hy-
droxybenzylidene)-5-imida-
zolinone as the basic chromo-
phore in green-emitting FPs, in-
cluding the wild-type Aequorea
GFP. (B) Scheme for the forma-
tion and photo-induced exten-
sion of the chromophore of
Kaede or EosFP. (C, D) Scheme
for the formation of 4-(p-hy-
droxybenzylidene)-5-imida-
zolinone and its autocatalytic
modification in DsRed (C) and
E5 (D).
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centrations of labeled molecules be kept low to op-
timize fluctuating signals.

It should be noted that the interference prob-
lem does not affect the detection of proteolysis by
FCCS because the cross-correlation signals from
doubly labeled substrates are not affected by en-
dogenous substrates. The carboxyl terminus of
mKeima and the amino terminus of CFP were
linked with a peptide containing the caspase-3
cleavage sequence DEVD. The recombinant pro-
tein (mKeima-DEVD-CFP) was examined in a
chamber using an excitation wavelength of
458nm. Significant cross-correlation was ob-
served between the fluctuations in the two detec-
tion channels (Fig. 2B, caspase-3 (-)). Incubation
of the same sample with activated recombinant
caspase-3 (0.2U/nl) at 25°C for 7 minutes almost
completely abolished the cross-correlation signal
(Fig. 2B, caspase-3 (+)). Importantly, this proteoly-
sis could also be examined easily in apoptotic cells.
The same FCCS experiments were conducted with
HelLa cells transfected with cDNA coding for mKe-
ima-DEVD-CFP. The degree of cross-correlation
was substantially different between anti-Fas anti-
body-treated and non-treated cells (Fig. 2C).

4-(p-Hydroxybenzylidene)-5-imida-
zolinone and green-to-red maturation

Most FPs share X-Tyr-Gly that serves as the
chromophore-forming peptide. Known excep-
tions are the blue- and cyan-emitting variants of

Aequorea GFP (BFP and CFP), which contain His
and Trp instead of Tyr in the tripeptide, respec-
tively. The wild-type Aequorea GFP contains the
tripeptide  Ser®-Tyr®-Gly®”. The process of
chromophore formation is illustrated in figure 3A
[1]. Concomitant or subsequent to the folding of
the B-barrel an imidazolinone is formed by nucle-
ophilic attack of the amide of Gly*” on the carbo-
nyl of Ser®, followed by dehydration. Molecular
oxygen then dehydrogenates the o-f bond of Tyr¢®
to conjugate its aromatic group with the imida-
zolinone. The resulting chromophore is 4-(p-hy-
droxybenzylidene)-5-imidazolinone, which emits
green fluorescence. Many other green-emitting
FPs retain this chromophore throughout their
lifetime.

Red-emitting FPs (RFPs) initially create the ba-
sic green-emitting chromophore, 4-(p-hydroxy-
benzylidene)-5-imidazolinone, but then an addi-
tional reaction occurs to expand the n-conjugated
system.

Two coral fluorescent proteins, Kaede [10] and
EosFP [11], contain the tripeptide His®?-Tyr®3-Gly®,
a green chromophore that is photoconverted to
red (Fig. 3B). UV irradiation promotes an uncon-
ventional cleavage within the protein between the
amide nitrogen and C, at His®* via a formal
B-elimination reaction. The subsequent formation
of a double bond between His®?-C, and -C; extends
the m-conjugation to the imidazole ring of His®,
creating a new red-emitting chromophore,
2-[(1E)-2-(5-imidazolyl)ethenyl]-4-(p-hydroxyben-
zylidene)-5-imidazolinone [12, 13].



Fig. 4: Schematic drawings of
two genetically encodable indi-
cators for Ca?*. (A) Camgaroo.
(B) Pericam or GCaMP. Residues
144 and 145 localize in the re-
gion between a B-sheet and a
surface-exposed loop region.

In common RFPs, additional oxidation occurs
autocatalytically to modify 4-(p-hydroxybenzyli-
dene)-5-imidazolinone. In certain precocious
RFPs, such as DsRed, this oxidation is so efficient
that the green intermediate exists only transiently
(Fig. 3c) [14, 15]. Incomplete chromophore modi-
fication gives rise to residual green fluores-
cence, thus prohibiting the combined use of this
molecule with green-emitting FPs in dual-color la-
beling experiments. Recently, a new generation of
RFPs and engineered variants of DsRed featuring
fast and complete green-to-red maturation have
enabled researchers to overcome problems asso-
ciated with slow and incomplete modification
[16].

However, in some cases, a long-lived green
state can be advantageous, especially for analy-
sis of the duration of gene expression in cells.
E5, a new mutant of DsRed, is particularly useful
because it changes color from green to red ac-
cording to a predictable time course (Fig. 3D)
[17]. This feature allows for the ratiometric anal-
ysis of green to red emission as an estimate of
the time elapsed after the initiation of reporter
gene expression. Therefore, E5 functions as a
‘fluorescent timer’ that yields temporal and spa-
tial information regarding protein translation
and target promoter activity. For example, E5
was used to trace the expression of a homeobox
gene, Otx-2, which is involved in the patterning
of the anterior structures in Xenopus laevis.
Green fluorescence indicated the onset of gene
expression, whereas red fluorescence indicated
that the expression was suppressed [17]. This
approach of using E5 has also been employed to
examine the functional segregation of secretory
vesicles in neuroendocrine cells. By tagging
atrial natriuretic factor (ANF) with E5, Duncan
et al. analyzed the age-dependent distribution of
large dense-core vesicles in bovine adrenal chro-
maffin cells [18]. They observed that newly as-
sembled vesicles are immobile and docked at the

plasma membrane shortly after biogenesis,
whereas older vesicles are mobile and located at
greater distances from the plasma membrane.
Like DsRed, E5 forms an obligate tetramer. Al-
though oligomerization does not prevent the use
of E5 for reporting gene expression, it may pre-
clude its use in certain fusion protein applica-
tions. A monomeric version of fluorescent timer
proteins would be most suitable for analyzing
age-dependent distribution of functional pro-
teins.

B-Barrel Rearrangement

All FPs share a B-barrel structure. This elegantly
woven three-dimensional setup is indispensable for
chromophore formation. At first glance, its function
may seem to be easily compromised with the intro-
duction of rearrangements. Nevertheless, in 1999,
researchers performed substantial operations on
the B-barrel of Aequorea GFP variants. Baird et al.

Fig. 5: Three-dimensional struc-
ture of Aequorea GFP with
Met1, Thr49, GIn157, Asp173,
Leu195, and 1le229 indicated.
These residues are all posi-
tioned in surface-exposed loop
regions. Thr49, GIn157, Asp173,
Leu195, and I1e229 become
new amino termini of circularly
permuted GFPs, in which the
natural amino and carboxyl ter-
mini are connected via the pen-
tapeptide linker, GGSGG.
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Fig. 6: Principle of bimolecular
fluorescence complementation
assay. (A) This assay is based on
the formation of a fluorescent
complex (B -barrel) by frag-
ments of an FP brought togeth-
er by the association of two in-
teracting partners (o and 3)
fused to the fragments. (B) A
schematic of the BiFC tech-
nique setup combined with a
fluorescent timer protein.
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identified specific positions that can tolerate the in-
sertion of additional protein sequences [19]. Fur-
thermore, the authors succeeded in producing cir-
cular permutations at these positions. These
rearranged proteins, whose amino and carboxyl
portions were interchanged and rejoined with short
spacers, proved to be fluorescent.

Interestingly, the position extensively used for
insertion and circular permutation by the authors
was Tyr145, a residue located in the peripheral
region of a B-sheet [19]. Therefore, a chimeric FP
containing a conformationally sensitive receptor
could potentially modulate the fluorescence of
Aequorea GFP variants in response to ligand bind-
ing. This principle was demonstrated by the inser-
tion of CaM at Tyr145 of EYFP [19]. The fluores-
cence of this protein was enhanced upon Ca*
binding (Fig. 4A). This EYFP-CaM, named “cam-
garoo,” functions as a genetically encoded Ca?* in-
dicator with an apparent K, for Ca?* of 7uM and a
Hill coefficient of 1.6. Since Aequorea GFP vari-
ants circularly permuted around Tyr145 are sen-
sitive to conformational changes, they have also
been used as sensors for detecting interactions be-
tween two protein domains. A circularly permuted
YFP was fused to CaM and its target peptide, M13.
Chimeric proteins “pericam”[20] and “GCaMP”
[21] are fluorescent and their spectral properties
change reversibly as a function of Ca?* concentra-
tion. As the mechanism for this spectral shift, it is
proposed that the interaction between CaM and
M13 alters the microenvironment surrounding the
chromophore (Fig. 4B).

The development of fluorescent circularly per-
muted Aequorea GFP variants could be facilitated
by inverting sequences at a site within a surface-
exposed loop region of the B-barrel. The resulting
intact B-sheet structures should be insensitive to
conformational changes. In our laboratory, circular

permutations were performed on Venus (the bright
version of YFP) with a pentapeptide linker, GGSGG,
to connect natural amino and carboxyl termini [22].
New termini were introduced into surface-exposed
loop regions of the B-barrel. The resulting proteins,
cp49Venus, cp157Venus, cp173Venus, cp195Venus,
and cp229Venus, were given new N termini at
Thr49, GIn157, Asp173, Leul95, and Ile229, re-
spectively (Fig. 5). When expressed in bacteria and
mammalian cultured cells, they matured efficiently
and showed similar resistance to acidification to
their parent protein. These cpVenus proteins pro-
duced significant variations in the relative spatial
orientation of the yellow chromophore within the
Venus-containing protein complex, since Metl,
Thr49, GIn157, Asp173, Leul95, and Ile229 reside
at different sites on the B-barrel.

Cameleons are genetically encoded fluorescent
indicators for Ca?* based on Aequorea GFP vari-
ants and CaM [23]. They are chimeric proteins con-
sisting of a short-wavelength variant of GFP, CaM,
a glycylglycine linker, the CaM-binding peptide of
myosin light-chain kinase (M13), and a long-wave-
length variant of GFP. Ca?* binding to CaM triggers
an intramolecular interaction between CaM and
M13, which changes the chimeric protein from an
extended to a more compact conformation, thereby
increasing FRET efficiency. Yellow cameleons (YCs)
have cyan and yellow fluorescent proteins (CFP
and Venus) as FRET donor and acceptor, respec-
tively. In order to achieve a large Ca*-dependent
change in the relative orientation and distance
between the two fluorophores, c¢p49Venus,
cpl57Venus, c¢pl173Venus, cpl195Venus, and
cp229Venus were tested on YCs. Cp173Venus in-
corporated in YC absorbs a greater amount of ex-
cited energy from CFP in its Ca*-saturated form,
thereby increasing the Ca?-dependent change in
the ratio of Venus/CFP by nearly 600 % [22].



Bimolecular Fluorescence
Complementation (BiFC)

Distinct proteins containing the amino- and car-
boxyl-terminal halves of an FP do not spontane-
ously assemble into a functional FP if co-trans-
fected into cells. The bimolecular fluorescence
complementation (BiFC) assay is based on the
reconstitution of an FP from two non-fluorescent
fragments [5]. If these two fragments are brought
into close proximity by a physical interaction be-
tween proteins fused to each fragment (Fig. 6A),
the B-barrel structure will be reconstituted, and
fluorescence will be produced. Aequorea GFP
variants are usually separated between positions
154 and 155 or between positions 172 and 173,
since these positions are located in loop regions
Kerppola and colleagues initially used EYFP res-
idues 1 — 154 (YN) and residues 155 - 238 (YC)
as the two fragments for studying BiFC [24]. By
generating fusion proteins to the basic leucine
zipper (bZIP), and members of Rel transcription
factor families to YN and YC, they identified in-
tracellular locations where the association of
these proteins occurs. By employing different
Aequorea GFP variants, such as GFP, CFP, and
BFP, Hu and Kerppola further extended this
technique to multi-color BiFC, which permits di-
rect visualization of multiple protein interactions
within the same cell and allows for the compari-
son of complex formation efficiencies with differ-
ent interacting partners [25]. The color range
available for BiFC has been extended to red with
the development of an improved monomeric red
fluorescent protein (mRFP1-Q66T) that is ame-
nable to fragmentation [26]. Furthermore, the
efficiency of BiFC has been greatly improved [27]
by using newly-identified FP fragments derived
from Venus [28] and Cerulean [29], which are
Aequorea GFP variants that show fast matura-
tion.

The association of FP fragments in BiFC has
been thought to be irreversible, although a unique
BiFC system with reversibility has been reported
[30]. A potential drawback of this irreversible as-
say is that the interaction of the fused proteins
may also be irreversible. This could interfere with
the cellular physiological state of the system and
impede the investigation of dynamic protein inter-
actions. However, the major drawback of the tech-
nique also confers a major advantage; irreversible
binding makes BiFC a highly sensitive assay. It
may allow for the visualization of transient or low
affinity interactions, such as those between en-
zymes and substrates. The power of this sensitiv-
ity may also be harnessed to obtain integrated flu-
orescence signals for protein-protein interactions
that occur prior to imaging. This feature may be
particularly useful for studying biological events
transpiring in deep regions such as tissue in the
brain. If a monomeric version of fluorescent timer
proteins can be compatible with fragmentation
and reconstitution, BiFC using the protein will

permit studies that aim to examine the temporal
aspect of protein-protein interactions [31] (Fig.
6B).
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image analysis

With the availability of the green fluorescent
protein (GFP) and its spectral variants, light
microscopy based research has undergone
dramatic developments in the past decade.
This has lead to the improvement of imaging
technologies to an extent that has never been
seen before. Together with the advances in

bioinformatics, genome sequencing, func-
tional genomics and proteomics this layed the
foundation for high through-put high con-
tent screening microscopy with the potential
in almost endless applications in pharmaceu-
tical and basic research. High throughput
screening microscopy integrates sample prep-
aration, image acquisition, data handling and
analysis and data mining and modelling, into
a comprehensive platform. Here we discuss
the key features of the technique and dem-
onstrate its potential in selected applications
such as vesicle movements in living cells.

Introduction

In the past decade, light microscopy technology
has undergone dramatic developments. With the
availability of the green fluorescent protein (GFP)
and its spectral variants, fluorescent labeling of
virtually every protein encoded by the genome of
a species under view is in principle possible [1].
This has stimulated systematic approaches that
aim e.g. at the determination of the localization
and dynamics of the proteins of an entire pro-
teome (see review by [2]). An almost endless
number of GFP-based reporter systems that read
out biochemical reactions such as protein-pro-
tein interactions or post-translational modifica-
tions in living cells have been designed [1]. In
parallel to these improvements in the fluorescent
labeling of molecules in living specimens, ad-
vanced light microscopy methods such as fluores-
cence recovery after photobleaching (FRAP), flu-
orescence resonance energy transfer (FRET) or
fluorescence correlation spectroscopy (FCS) have
been further developed and can now be much
easier and more efficiently performed than ever
before [3]. These methodological advances in

GFPEZD A B % FIFH U T BBEEN— X DIt FR
& D1 0FEETRINREEZ XIT TE oI5
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BV o To. EHRIL M DS, g1 A>T
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TNBDTHBemAIN—TYRNRIY—Z2T D
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light microscopy have also been fertilized by the
continuous developments and improvements of
commercially available or custom built imaging
equipment, including for example confocal laser
scanning microscopy, total internal reflection flu-
orescence (TIRF) microscopy or fluorescence life-
time imaging (FLIM). New developments such as
the single plane illumination microscopy (SPIM),
photoactivated localization microscopy (PALM) or
high-resolution microscopy such as STED offer
now completely new light microscopy applica-
tions. Not least the continuous increase in per-
formance of computer technology, that is essen-
tial for the control of imaging hardware, data
storage and image analysis software packages,
contributed significantly to the developments in
light microscopy technology.

Coincidently with these improvements in light
microscopy, genome sequencing, functional ge-
nomics, proteomics and bioinformatics techniques
have equally fast developed in the past decade and
generated a wealth of information and reagents.
With these means at hand, the remaining chal-
lenge is now to integrate all this genomic and pro-
teomic information into a physiological context of
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living cells or model systems with the aim to de-
velop new strategies for diagnostics and cures for
serious human diseases such as cancer or viral in-
fections. In order to achieve this goal, quantitative
and large scale analyses in living cells or organ-
isms is required. One such method is fluorescence
microscopy, which has only recently been demon-
strated that it could be used to complement ge-
nomic and proteomics approaches in physiologi-
cally relevant systems (see e.g. [4,5, 10]).

High Content Screening Microscopy

Applying fluorescence microscopy at large scale
needs a considerable degree of automation of all
the steps involved in an experiment. These are
sample preparation, image acquisition, image
analysis, data storage and handling as well as data
mining and modelling (Fig. 1). Such automated
fluorescence microscopy enables unsupervised
data collection with high information content on
the temporal and spatial distributions and states
of fluorescent markers (see review by [6]). In this

way, large groups of cells, each with a different
treatment, can be imaged automatically, thus ena-
bling the collection of large data sets, which in
turn can be analysed in a statistically reliable
fashion. Furthermore, the phenotypic changes
caused by the treatment of cells with libraries of
test molecules, e.g. chemical drugs or molecular
tools such as siRNAs or cDNAs, can be analysed
quantitatively by automated image analysis (see
[4,5] for examples). This provides a high degree of
objectivity in data analysis and a sensitivity that
allows the detection and ranking of even subtle
phenotypes, which could easily be missed by man-
ual data evaluation. Several automated fluores-
cence light microscopy systems and image analy-
sis software packages for large-scale screening
and high information content microscopy analyses
are available commercially or as open source and
are listed in Table 1 and Table 2, respectively. In
addition to these dedicated high throughput mi-
croscope systems, many current confocal and
widefield systems, are equipped with hardware
and software that allow, systematic scanning of
samples and thus even multi-position time-lapse
microscopy in living cells. Although complete au-
tomatisation may not be possible with such sys-
tems, as essential components such as automated
focus identification are lacking, they are very in-
strumental in acquiring systematic image data at
a low throughput.

Assay Development
and Sample Preparation

One of the key steps in high content screening mi-
croscopy is the development of an appropriate mi-
croscopy read out (assay) that reports quantita-

Fig. 1: The key steps in high-
content screening microscopy.
A high-content screening mi-
croscopy experiment comprises
at least five different steps: (1)
Sample preparation, (2) image
acquisition, (3) data storage
and handling, (4) image analy-
sis and (5) data mining and
modelling. Automated sample
preparation in 96 or 384 well
plates includes cell transfec-
tions, drug delivery, fixation and
staining of the sample. These
steps are typically conducted by
liquid handling robotics. Several
automated widefield and con-
focal microscopes linked to ap-
propriate data storage and han-
dling systems are commercially
available for image acquisition
(Table 1). Image processing is
central for each high-content
screening microscopy approach
and needs to be adapted for
each new assay that is devel-
oped. Therefore, it is currently a
bottleneck of the technology.
The huge amount of data gen-
erated in a screening project re-
quires the linking of sample
preparation, image acquisition
and results from image analysis
as well as quality control analy-
sis in a project database. In this
way, the project’s results can al-
so conveniently be combined
with bioinformatic analyses and
data models can be generated.
These models will identify can-
didate reagents or genes that
may be subjected to more de-
tailed and more complex sec-
ondary screening experiments.
In such secondary experiments
image analysis could be per-
formed online during image ac-
quisition with the aim to identi-
fy objects of interest in the
sample that thereafter may be
subjected to time consuming
high resolution 3D imaging.
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DAPI COPII GM130 Merge

Feature extraction

Fig. 2: Example for quantitative image analysis in high con-
tent screening microscopy.

Hela cells were reverse transfected in LabTek tissue culture dishes
(see Fig. 4) for 48h and subsequently fixed and stained for cell nuclei
(using DAPI, blue), the vesicular coat complex COPII (Alexa 488,
green) and the Golgi complex marker GM130 (Cy3, red). Subse-
quently samples were imaged with a Zeiss Cellobserver HS. The ob-
jective used was an LD-Plan Neofluar 40x/0.6 Korr. Ph2. Autofocuss-
ing was done on the DAPI channel with a software-based approach
implemented in the Axiovison software. The existing offset between
the focal planes of the nucleus and the other compartments was de-
termined manually on several cells before the imaging session was
started. The mean of these offset values was taken as the offset be-
tween the focal plane for the DAPI staining and the other cell com-
partments. Exposure times were 20 ms for the DAPI channel, 200 ms
for the ALEXA488 and 800 ms for Cy3channel. The complete LabTek
could be imaged within less than two hours.

To image all the cells in each of the 384 spots (diameter of 400 pm,
see Fig. 4) of the LabTek dish, four partially overlapping images were
taken and stitched together afterwards. In (A), the four stitched im-
ages are shown. Scale Bars=50 pm. In (B), magnifications of the are-
as highlighted by the red box in (A) are shown. Scale Bars= 10 pm.
(C) Image analysis: To automatically identify the cell locations and
their boundaries, images are first low pass filtered and then cell nu-
clei are identified in the DAPI channel using single threshold tech-
niques (1). After subsequent image processing steps including dila-
tion and a watershed algorithm, the cell boundaries are determined
(I1) leading to the generation of four different digital masks (cell nu-
clei (1), the entire cell including nuclei (I1), cytoplasm (lll) and nuclei
and cytoplasm (IV)). Multiplication of these digital masks with the
images shown in (B) returns images with signals of the regions of
interest in individual cells only (shown in D). From these images
and for each of the channels a number of object features (e.g. in-
tensity, contrast, shape, etc.) are finally extracted. In this way, a
multidimensional feature “space” can be defined and quantitatively
determined for each object in the image and for each spot on the
LabTek dish, which is then used to discriminate between different
morphological phenotypes obtained (see [4,8]).
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tively on the feature of interest, e.g. cell growth,
protein secretion, speed of cell division or or-
ganelle movement, and can be completely auto-
mated for large scale analyses. Such assays are
mostly based on well-established experimental
set-ups that have already been used and tested in
small-scale experiments. Nevertheless, they have
to be adapted and tested for high throughput im-
age acquisition and automated image data analy-
sis, which may cause increased experimental er-
rors compared to small scale, well-controlled
manual experiments. Examples for two assays are
shown in figure 2 and figure 3. While automated
image acquisition protocols for different assays
may often be very similar and solutions developed
for one assay may be easily adapted to another
one, image analysis of the data mostly requires
considerable changes to existing solutions and
very often completely new developments.

Sample preparation for imaging at high
throughput requires a very high degree of repro-
ducibility as data from different samples need to
be compared quantitatively. Therefore, automated
methods for cell transfections, drug delivery and,
if required, cell fixation and fluorescent staining
are typically carried out on liquid handling robots
that can deal with the throughput required (see
e.g. [5]). For this purpose cells are cultivated in
multi-well tissue culture dishes with a glass bot-
tom, which is compatible with high-resolution
light microscopy which require objectives with

short working distances and need immersion me-
dia for imaging. A very effective method for high
throughput cell transfection with plasmid DNAs or
siRNAs is reverse transfection of cells in LabTek
tissue culture dishes (see [7] and Fig. 4). In this
method, the reagents to be transfected are spotted
onto the bottom of a LabTek tissue culture dish
(step Il in Fig. 4) onto which subsequently cells are
seeded (step III in Fig. 4) and thus transfected at
each place of a spot with the respective reagent.
This miniaturization of the tissue culture format
facilitates high throughput imaging considerably,
one reason being that the demands for automatic
focus identification are less time-consuming than
in multi-well plates. Also, treatment of cells with
drugs or staining of fixed cells (step IV in Fig.4) is
much easier and does not require the use of ex-
pensive liquid handling robots (see [7] for further
discussions).

Image Acquisition

Several microscope systems that are commercially
available and are able to acquire images fully au-
tomatically exist (see Tab. 1). A key feature of
these systems is the automated identification of
the focal plane. In the case of confocal micro-
scopes, identification of the optimum focal plane,
which for example contains the maximum number
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of objects of interest, is equally important. Exam-
ples of fixed cells stained with fluorescent antibod-
ies and imaged automatically are shown in figure
2. In this example, cells have been counterstained
with the DNA stain DAPI (Fig. 2A), which thus
highlights cell nuclei. As this DAPI signal is usually

Table 1: Examples of commercial high-throughput screening
microscope systems

Name of instrument | Manufacturer

Live cell imaging possible

IN Cell Analyzer 3000*
Pathway HT*

Scan/R¢ Olympus, www.microscopy.olympus.eu/microscopes
/Life_Science_Microscopes_scan_R.htm

GE Healthcare, www.gehealthcare.com

BD Biosciences, www.bdbiosciences.com

KineticScan® Cellomics, www.cellomics.com

Opera* Evotec Technologies,
www.evotec-technologies.com

Cell Observers Carl Zeiss, www.zeiss.com

Live cell imaging not possible

ArrayScan$ Cellomics, www.cellomics.com
Discovery® Molecular Devices, www.moleculardevices.com
cellWoRx® Applied Precision, www.api.com

Acumen Explorer TTP LabTech, www.ttplabtech.com
iCyte CompuCyte, www.compucyte.com

NDP Hamamatsu, http://jp.hamamatsu.com/products/
life-science/pd267/nzoomb/index_en.html

Cell Lab IC 1008 Beckman Coulter, www.beckmancoulter.com

*: Confocal microscopy
§: Widefield microscopy

very bright and shows very little cell to cell varia-
tions, it is often used to determine the plane of fo-
cus at each position and to identify the cell nucleus
by simple image segmentation procedures (see
legend to Fig. 2). A fixed offset from the cell-nu-
clei- determined focal plane is then used for the

acquisition of the images for
different cellular structures
such as vesicular membranes
or the Golgi complex, which
reside predominantly in im-
age planes different from the
cell nucleus (Fig. 2). Depend-
ing on the number of differ-
ent stainings in such samples,
image acquisition may take
up to 2h and even longer for
the imaging of an entire 384
well plate. Automated image
acquisition of living samples
at high throughput has also
been demonstrated recently
[4]. An example of life cell im-
aging and automated quanti-
fication of organelle move-
ment in single cells is shown
in figure 3. As living cells suf-
fer from repeated illumina-
tion that is required for auto-
mated focus identification, it
is advisable to identify the fo-
cal plane of the specimens
only once at the beginning of
an imaging session and then
repeat this procedure only if
focus drift occurs in the sys-

Fig. 3: Example for automat-
ic tracking and quantifica-
tion of vesicle movement in
living cells

Hela cells expressing YFP-
tagged vesicular stomatitis virus
glycoprotein that moves from
the endoplasmic reticulum to
the plasma membrane in a tem-
perature sensitive manner were
imaged (see [10] for details).
Images were acquired on a
PerkinElmer Ultraview RS spin-
ning disk confocal microscope
with a PLAN-Apochromat
63x/1.4 NA oil immersion objec-
tive lens (Carl Zeiss) at time in-
tervals of 300 ms between sin-
gle images.

A, Overview of the tracks ob-
tained by automatic tracking of
100 time-points using Imaris
5.7.2 (Bitplane) software pack-
age. Only spots above 0.65pm
in diameter were tracked by the
autoregressive tracking module
(parameters used were: maxi-
mum distance of 2 pm/frame
and maximum gap of 1 time
point). Only tracks longer than
10 time points and more than
0.4 pm of total displacement
were chosen for display and
quantification. Scalebar=10pm.
B, Histogram of the velocities
of all tracks at every time point
derived from the time-lapse se-
quence described in (A).

C, Histogram of the average
track velocities derived from
the time-lapse sequence de-
scribed in (A).

D, Histogram of the track length
derived from the time-lapse se-
quence described in (A).

This figure is accompanied by
Movies 1 and 2.
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Fig. 4: Reverse transfection
in LabTek culture dishes.
Reverse transfection is a recent
method to introduce material in-
to tissue culture cells as it is re-
quired in high content screening
microscopy experiments (see [7]
for a comprehensive descrip-
tion). (A) In a first step all rea-
gents required for transfection
of cells (transfection reagent,
gelatine, fibronectin and the ma-
terial to be transfected) are
mixed in 384 well plates. There-
after, the reagents are spotted
onto the bottom of glass bottom
LabTek culture dishes using a
commercially available DNA
spotter. (B) Examples of images
of the dried spots acquired with
a Scan'R screening microscope
equipped with a 10X objective.
In our laboratory the spots have
a size of Imm and the inter spot
distance is 400 pm. (C) After the
spotted samples have dried for a
few days, cells can be plated on-
to them to become transfected
only at the place of the spots.
This generates 384 cell colonies
with different transfections.
Thereafter, samples are either di-
rectly subjected to microscopy
or, if cells need to be fixed and
stained, they will be prepared
with standard laboratory equip-
ment before they are placed on-
to a screening microscope.
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tem. Some of the imaging systems listed in Table 1
use a combination of hardware and software auto
focus identification. In these cases, the hardware
auto focus procedure identifies the bottom of the
cell support (e.g. glass bottom of a LabTek tissue
culture dish) and subsequently moves a pre-de-
fined offset into the sample to image the struc-
tures of interest. Focus optimization may then be
achieved by acquiring a few images in different z-
planes and then analyzing them with software
auto focus procedures online. In this way, the total
sample illumination time is significantly reduced
and helps survival of the specimens during the
time-lapse screening procedure.

Data Handling and Image Analysis

The amount of data acquired in high content
screening microscopy projects very quickly
reaches the several tens of terabyte range. This is
the case in particular when time-lapse data or im-
age stacks over the entire depth of the sample are

acquired. Depending on the subsequent way im-
ages are to be analysed, image compression may
help to save storage space. Because of this huge
amount of image data to be analysed, any speed
optimization of the image analysis routines used
are an advantage. The use of multiprocessor com-
puter systems for analysis may also help to over-
come the problem.

Of particular importance in high content screen-
ing microscopy is the development of image analy-
sis algorithms that return quantitative data in a
reliable manner. Very often, fluorescence intensi-
ties are compared as readout of the assay. In these
cases, image analysis is straightforward, and com-
mercially available solutions as they are delivered
together with the imaging systems (see Table 1) or
as stand alone image analysis software (see Table
2) can be used for analysis. However, many inter-
esting questions that aim to exploit the unique
strength of the microscopy-based screening rely
on the description of complex cellular patterns
that will change under different treatments of
cells. One strategy to address this problem is ex-
emplified in figure 2 (see also [4,8]). In this ap-
proach, images are first processed and back-
ground corrected and objects automatically
recognized. Thereafter, several user defined ob-
ject features are calculated for each object and
used to discriminate different morphological phe-
notypes from each other. Images showing particu-
lar morphological phenotypes may be pre-defined
by the user to determine the phenotype specific
values of the associated features and their cell-to-
cell variations. With such “training information”
the pre-defined morphological phenotypes, as they
occur in the images of the actual screening exper-
iment, can be discriminated with high precision
([4, 81). A drawback of this approach is that phe-
notypes that have not been trained may be associ-
ated with the closest pre-defined phenotype and
are thus not properly classified. A further impor-
tant limitation of this else very powerful analysis
approach is that it is sensitive to variations of the
imaging conditions during the screening. Such
variations can be introduced by intensity fluctua-

throughput image data analyses

Table 2: Examples of image analysis packages suitable for the development of high

26 | Screening

Name of software package Manufacturer More information at:
Cellenger Definiens http://www.definiens.com/
Axiovision Carl Zeiss http://www.zeiss.com/micro
MetaMorph Molecular Devices http://www.moleculardevices.com/
Scan'R Olympus SIS http://www.olympus-sis.com/
Acapella Evotec Technologies www.evotec-technologies.com
Imaris Bitplane www.bitplane.com

Cell Profiler Open source http://www.cellprofiler.org/
BioConductor Open source http://www.bioconductor.org/
Image J Open source http://rsh.info.nih.govi/ij/




tions of the excitation light source in fluorescence
microscopy or changes in the optical or detector
system during the course of the screening project.

Data Mining and Modeling

The huge amount of data generated by a high con-
tent screening project including information about
reagents and sample preparation, raw image data
and results of the image analyses requires an inte-
gration of all these parameters into a database
that can be easily queried. Such databases, if ac-
cessible via WEB browsers, are also an important
tool to make the data and results generated acces-
sible to the community. Databases are also com-
patible with the bioinformatics information avail-
able on the reagents used in the screening
experiments or the genes associated. This allows
combining the results of the screening project with
pre-existing data.

Conclusions and Outlook

High-content screening microscopy is an emerg-
ing technology that has numerous applications in
basic research and drug development. Quantita-
tive fluorescence microscopy-based multi-param-
eter analyses at high throughput will provide the
opportunity to conduct analyses at the systems-
level in order to understand how biological enti-
ties are formed and function. Although high-con-
tent screening microscopy has all these promises,
it still poses serious challenges for the future. Con-
siderable hardware and image analysis software
developments are needed before work with living
cells will become a routine high-throughput tech-
nology at the time resolution required. Also, ex-
ploitation of powerful fluorescence microscopy
techniques such as fluorescence resonance energy
transfer (FRET), fluorescence correlation spec-
troscopy (FCS) or fluorescence recovery after pho-
tobleaching (FRAP) (see [9] for review) in high-
throughput still needs to be developed.
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correlative microscopy, 3D mi-
croscopy, high pressure freez-

ing, freeze substitution,
block-face, FIB/SEM

Fig. 1: Flow process chart and
scheme of the “information-
transfer-chain” for microscopic
investigation of tissue biopsies:
a) A life-like and environmental
sampling of biomaterial e.g.
microbiopsies b) Freezing this
material in milliseconds, thus
trapping dynamic cellular proc-
esses and functional hydrated
states; in the case of complex
material this is only possible by
high pressure freezing c) Preser-
vation of the native molecular
arrangement of biomaterial by
cryo-preparation and cryo-trans-
fer techniques d) Serial section-
ing of freeze-substituted and
low temperature embedded ma-
terial e) Direct or tomographic
imaging in the light or electron
microscope at high resolution f)
Section alignment and structure
rendering for digital processing
g) 3D-reconstruction and h) 3D-
model analysis, interpretation
and simulation
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"~ A New Approach for Biological Structure Research — Correlative
Light and Electron Microscopy on one and the Same Sample

The structure researchers dream to fly through
several orders of magnitudes in scale on the
identical pre-selected sample area has become
realistic with the establishment of a new
freeze-substitution protocol after high pres-
sure freezing. Samples prepared in such a way
allow in a multimodal approach to choose be-
tween LM (FLM, CLSM) and EM (SEM, FIBISEM,
TEM) imaging modes for structural studies of
complex tissue and cell structures. One and the
same structure can now be investigated at mm
to nm range in 2D and 3D.

Introduction

Qualitative evaluation of the cellular complexity
and structural integrity of tissue samples, e.g. skin
biopsies, had been used by scientists for decades to
gain insight into structure and function of complex
organs. The well-accepted correlation between the
tissue structure and its function conveys funda-
mental knowledge for the development of experi-
mental models for the study of normal and - in the
framework of experimental scenarios — specifically
altered or treated tissue. The implementation of
physiologically relevant models has made it possi-
ble to study the intrinsic cell regulation pathways.
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Furthermore, it has provided compelling evidence
for the role of e.g. certain skin compartments in di-
recting cellular function in dysfunction.

In order to translate the findings from basic
cellular research into a holistic understanding of
the tissue, all biopsy-based system investigations
need the absolute preservation of the 3D-organi-
sation and the multi-cellular complexity of the tis-
sue.

The reason why the 3D tissue comes more and
more into the focus of systems-biology is that there
is a big difference between a flat layer of cells and
a complex, three-dimensional tissue. But until re-
cently, many scientists have glossed over this fact.

Intact biological
system

Microscopy
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In addition the recent elucidation of the com-
plete genomes of several organisms, including that
of humans, has increased our awareness that most
interactions in cells and tissues take place not sim-
ply on the level of single macromolecules, but
within the framework of extended higher order
structures. Additional to this high structural com-
plexity, there is a complex feedback context of or-
ganelles and cells, e.g. the differentiated layered
cell groups assembling the epidermis in human
skin, which functions in a highly coordinated man-
ner. How essential this context information is, be-
comes even clearer, if we investigate the highly ef-
ficient skin barrier itself. This most efficient
barrier structure in nature is formed after the
cells went through apoptosis. Its formation is com-
pletely controlled by self-assembly - i.e. all the es-
sential molecules have been delivered at the life-
death transition zone. In this article, we give a
brief overview how such complex structures can
be studied by taking advantage of applying state-
of-the-art correlative light and electron micros-
copy approaches (1).

A Dream...

The structure researcher’s dream — in order to
study a complex morphological context in its na-
tive functional state — is an imaging tool, which al-
lows in vivo continuous zooming-in from a milli-
metre (mm) scale down to a few nanometres (nm)
at different tissue levels. Due to the physical limi-
tation of the excitation wavelength, such a device
will never exist, because it would have to cover
wavelengths from hundreds of nanometres (pho-
tons, ultrasound) to sub-nanometer (electrons).
Thus, the structure-researcher faces a methodo-

logical problem, if he wants to study a tissue like
skin on a large resolution and information level
scale.

This problem has been partially solved by es-
tablishing preparation techniques, which allow in-
vestigating the same tissue biopsy with different
imaging techniques and hence circumvent the
physical limitation by using a multimodal imaging
strategy on optimally preserved tissue samples (2).
Although cryo-immobilisation by high pressure
freezing provides the best structural preservation
(3,4), it is used routinely only for electron micro-
scopic (EM) investigations, while, unfortunately,
for light microscopy (LM) chemical fixation proto-
cols or simplified cryo-fixation protocols (e.g. Fig.
2a+b) have been established. These chemically in-
vasive fixation protocols have the drawback of in-
troducing unpredictable fixation artefacts (3,5,6).
Therefore, comparative histological (i.e. LM) and
ultrastructural (i.e. EM) results are usually ob-
tained from different samples that have not been
prepared identically and never by examining ex-
actly the same features. To overcome these handi-
caps, we have modified the well-established
freeze-substitution technique (FS), allowing the
investigation of resin-embedded cryo-immobilised
tissue by confocal laser scanning microscopy
(CLSM) prior to EM examination (2). Thus, se-
lected cells can be depicted throughout the whole
tissue block by CLSM (2, Fig. 3 & 5) and subse-
quently, they can be selectively prepared by tar-
geted sectioning for follow-up investigation of the
identical structure by TEM.

Here we would like to show that, with this ap-
proach, the dream of a structural analyst to zoom
through several orders of magnitude in scale on
one an the same sample area becomes partially
true. And we would also like to describe what kind
of knowledge and coherent context information

r.

d) CK1/10 & Dagf

o) Fllaggrin & Dapi

Fig. 2: Structure preservation
and information depth of hu-
man skin biopsies viewed fully
hydrated with cryo-SEM or after
freeze substitution after immu-
nocytochemical staining with
LM.

a+b) liquid nitrogen frozen bi-
opsy cross-section imaged a)
with a CLSM after nile red stain-
ing or b) with a cryo-scanning
electron microscope (cryo-SEM)
c-e) high pressure frozen human
skin biopsies imaged c) with a
cryo-SEM at about -120°C or d-
e) with a LM after freeze substi-
tution, thin sectioning, labelling
against different antigens (cy-
tokeratin 1/10, Filaggrin) and
DNA (Dapi) . Due to the better
time resolution, better epitope
preservation and better struc-
ture preservation of biopoly-
mers by high pressure freezing,
images with a very high infor-
mation density and with a high-
er precision in localization of
epitopes (stratum corneum (SC),
stratum granulosum (SGr), stra-
tum spinosum (SSp) can be gen-
erated
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Fig. 3: Scheme of the imaging
strategy in the case of high
pressure frozen, freeze substi-
tuted and embedded skin
biopsies: one sample for
multimodal imaging .

After embedding and prepara-
tion of a plain block-face
through the skin sample in the
polymer matrix, the specimen
can first be examined by CLSM
in 3D (a, b+f) prior to further
preparation steps. Selected sec-
tions of defined planes from the
embedded biopsy can be de-
picted and either stained for
histological or immuno cylolo-
gial investigations (c+d) or are-
as of interest (a+b green layer-
lines) can be depicted and pre-
pared for TEM examination
(e-i). Such samples are optimal
for histological investigations
(Fig. 3 c+d), for investigating
complex 3D-tissue structures by
confocal light microscopy (Fig.
3a, b+e) as well as for describ-
ing ultrastructure and constitu-
ents of the identical cells by
electron microscopy (Fig. 3f-i).
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such a multimodal imaging approach offers to a
research community, e.g. dermatology. Due to the
complexity of the different imaging and prepara-
tion techniques we only show the major route and
refer to literature for more details.

General Preparation Strategy:
An “Information-Transfer Chain”

The challenge we have to face is that we deal with
a biological, dynamic and hydrated specimen,
which needs constant environmental conditions to
avoid changes of the morphological context during
manipulation, preparation and imaging (5, 6).
Therefore, the gap between basic histology and
high-resolution electron microscopy, which is
the method of choice to analyse and understand
the nano-organization of life-like biological mate-
rial in context (7), can only be closed by a dedi-
cated and careful preparation. Our goal is to use
the information obtained by EM analysis for the
investigation and description of the biological
nano-molecular organisation on the basis of intact
cells and tissues at a defined differentiation state,
and still explore these structures in their natural
context.

This can only be reached by cryo-immobilisa-
tion and cryo-processing techniques that vitrify
the cellular water (3,5,7), simultaneously rapidly
arresting all physiological processes and prevent-
ing artefact-induced changes during specimen
processing. Routing techniques to put this goal
into practice are given in figure 1, which briefly
shows the “information-transfer chain” for inves-
tigation of e.g. human skin biopsies: a) Life-like
and environmental sampling of biomaterial, e.g.
microbiopsies. b) Freezing this material in milli-
seconds, thus trapping dynamic cellular processes
and functional hydrated states; in the case of com-
plex material, this is only possible by high pres-
sure freezing. c) Preserving the native molecular

arrangement of biomaterial by cryo-preparation
and cryo-transfer techniques. d) Serial sectioning
of freeze-substituted and low temperature embed-
ded material. e) Direct or tomographic imaging in
the light or electron microscope at high resolution.
f) Section alignment and structure rendering for
digital processing. g) 3D-reconstruction and h) 3D-
model analysis, interpretation and simulation. For
more details on critical steps in the “information-
transfer chain” see figure 1.

Structure Preservation and Information

Figure 2 shows the gain in structural context after
high pressure freezing (HPF) of human skin biop-
sies (Fig. 2c.d,e) compared to standard rapid
freezing techniques being routinely used for LM
such as plunge freezing in liquid nitrogen (Fig. 2
a+b) or freezing on solid carbon dioxide. Figure 2b
shows a liquid nitrogen frozen biopsy cross-sec-
tion imaged using a cryo-scanning electron micro-
scope (cryo-SEM) after the water had been re-
moved by freeze-drying. Holes are revealed in the
tissue where water had segregated from the bio-
logical tissue in order to form ice crystals during
the freezing process (8). These holes are sur-
rounded by compressed biological matrix and
therefore resemble an artificial organisation of
the biological tissue with huge delocalisation of
bio-molecules. Due to the “grace of the low resolu-
tion power”, even in confocal light microscopy
(CLSM) images one is not directly aware of the
structural changes induced by freezing, except if
one considers that this skin cryo-section was
stained with a lipophilic stain (nile red - Fig. 2a).
Nile red should only stain lipid containing areas
between the Corneocytes (50-100nm) in the Stra-
tum Corneum (SC) as shown in detail in figure 4,
but it should not be spread in the intercellular
space nor in the cytoplasm in viable cell layers of
the epidermis as extensively as shown in figure 2a.
Nevertheless, it allows a wonderful description of
the Corneocyte stacking in the SC.

Due to the better time resolution, better epitope
preservation and better structure preservation of
biopolymers by high pressure cryo-fixation (4,9),
images with a very high information density can
be generated with a more precise localisation and
identification of specific molecules by immuno-
cytochemical labelling inside an intact nano-mor-
phology for light microscopic (Fig. 2d+e) as well as
for electron microscopy investigations (see Fig. 2c;
3 and 4). Figure 2c shows a high pressure frozen
and freeze fractured skin biopsy and therefore re-
veals the compactness and the complexity of the
outermost layers of human epidermis in its frozen
hydrated native state. Note that there are neither
holes nor areas without fine structural details —
thus it reflects the native nano-bio-organisation of
the tissue at the time-point of tissue extraction
and immobilisation. This cellular complexity can



only be further investigated either with the help of
high resolution SEM imaging by morphological
identification of macromolecular complexes, or by
freeze-substitution and identification of single an-
tigens with the help of antibodies. The second ap-
proach may also be taken after the tissue has first
been investigated in a cryo-SEM or immediately
after high pressure freezing as described in more
detail in Figure 3 and in Biel et al. (2,10).

One Biopsy for Multimodal
Imaging - the Principle

A detailed structural investigation of skin biopsies
requires the coupling of optimal structural prepa-
ration of arrested frozen samples with preserved
detailed information, gained by high pressure
freezing, with image collection at both, the light
and electron microscopic level. In order to over-
come the handicap of comparing data derived
from differently prepared samples as well as to in-
troduce the superior structural preservation of
HPF into LM investigations, we have developed a
new freeze-substitution protocol (2) suitable for
LM and EM investigations (Fig. 3).

The well-established freeze-substitution tech-
nique (FS) was modified, to allow the investigation
of resin-embedded cryo-immobilised tissue by LM
or CLSM prior to EM examination. This is facili-
tated by the addition of specific fluorescent dyes
during the first freeze-substitution exchange step.
Selective binding properties of various dyes to dif-
ferent cellular structures allow a direct histologi-
cal description of the tissue at the light microscope
level (for more detail see 3) or preserve intrinsic
fluorochromes, e.g. GFP. After embedding and
preparation of a plain block-face through the skin
sample in the polymer matrix, the specimen can
first be examined by CLSM (Fig. 3a, b + f) or sec-
tions may be taken (Fig. 3 c+d) for histological or
immunological investigations. For areas of inter-
est, the depth in the resin block is determined with
the help of the CLSM (Fig. 3 a+b, green layerlines)
followed by removal of the tissue lying above with
an ultramicrotome. Now, the tissue can be cut into
a series of ultrathin sections and examined by
TEM for determination of the sub-cellular and
nano-structural organisation in 2D (Fig. 3e, g-i)
and/or 3D. Samples prepared like this turned out
to be optimal for histological investigations (Fig.
3c+d), as well as for the investigation of complex
3D-tissue structures by CLSM (Fig. 3a, b+e), and
for a description of the ultrastructure and the con-
stituents of the identical cells with electron micro-
scopy (Fig. 3f-i).

This approach allows cells throughout the
whole tissue block to be depicted by CLSM (white
and red box in Fig. 3b) and subsequently to be se-
lectively prepared by targeted sectioning for fol-
low-up investigation of the identical structure by
TEM (Fig. 3 e+f).
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Finally, this approach also solves the problem
of finding an area of interest for EM investigation
within a complex tissue context known as the
“searching for a needle in a haystack” problem.
The major advantage of such an approach is that
the cellular complexity stored in a single section
becomes manageable by transferring this kind of
morphological information into digital information
packages, so called “data sections” at different
resolution levels. This may be one way to over-
come the “complexity dilemma” in structure re-
search for life science.

Lipid Structure — Often Ignored in
Biology, Perfectly Resolved by HPF

Major components for the permeability properties
of the skin barrier are lipids arranged between
the cornified corneocytes in the stratum corneum
(SC) (11, 12). The extensive diversity of these lip-
ids is rarely appreciated in ultrastructural investi-
gations due to the lack of lipid arrangement pres-
ervation by the various preparation techniques
used. This is drastically improved by the use of
high pressure freezing (13) combined with freeze-
substitution (4). Preservation of the lipid within its
natural context is only one part of the story, since
the spacing of lipid lamellae is in the range of
3-5nm it becomes essential to view these lamellae
exactly edge on in TEM (electron beam parallel to

Fig. 4: Lipid layers in human
skin imaged after high pressure
freezing and freeze substitution
a) Antibodies were used against
a Ceramide (red) and its gluco-
sylated precursor (green) on
semi-thin sections (200 nm) to
show that the various lipid spe-
cies can be specifically localised
after cryo-preparation. The anti-
bodies were detected with a
fluorescence-labelled secondary
antibody and visualised with
the help of a CLSM. In order to
study the organisation of the li-
pids at the molecular level, sec-
tions were taken for electron
microscopy (b-e). b) shows an
area from the SC with desmo-
somes and lamellar lipids in the
intercellular space, c+d) an ar-
ea of the last layer of the SGL
with vesicular structures in the
intercellular space. e) shows an
area in the SGL. A lipid vesicle
is highlighted in green, corre-
sponding to one dotted green
vesicle as revealed in a). The
same vesicle was tilted in the
TEM from -60° to +60° and
some images from the TEM to-
mogram are shown in the gal-
lery g). Under different tilting
angles it becomes obvious that
the vesicles contain several
(here three) entities of lipid
stacks arranged within an or-
ganelle membrane. A recon-
struction of the lamellar body is
shown in f).
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Fig. 5: Block-face embedded
material: some possible appli-
cation and imaging modes

a-c) monolayer cultured cells
prepared after specific treatment
of cells for CLSM and TEM inves-
tigations — the aim is to pre-se-
lect areas of interest for further
TEM and TEM tomography in-
vestigations. d-f) embedded tis-
sue (skin) investigated by CLSM
and corresponding 3D model
followed by large scale imaging
at higher resolution with TEM
for stereological investigation of
sub-cellular pigment distribution
in human skin.

lipid sheet) in order to reveal significant contrast
of the layered structure. This can only be reached
with modern electron microscopy techniques such
as TEM tomography (Fig. 4) — (1).

In figure 4 a, antibodies were used against a Ce-
ramide (red) and its glucosylated precursor (green)
(9) on semi-thin (200nm) sections of a high pres-
sure frozen and freeze-substituted human skin
sample to show that the various lipid species can be
specifically localised after cryo-preparation. The
antibodies were detected with a fluorescence-la-
belled secondary antibody and visualised with the
help of a CLSM. The CLSM was equipped with a
spectrometer for a better separation of the signal
revealing the single entities of lipid vesicles as dot-
ted green structures in the stratum granulosum
(SGr) at its best resolution power. Electron micros-
copy is essential to further study the organisation of
such lipid vesicles, also called lamellar bodies (14)
or other lipid arrangements (Fig. 4b-f). E.g. imag-
ing the intercellular space in the transition zone be-
tween the SGr to the SC allows visualising the ex-
trusion of lamellar lipids (Fig. 4c+d) into the
intercellular space as well as the rearrangement of
lipids in this space (Fig. 4 c+b). To reveal the molec-
ular arrangement of the lipids in one of the dotted
green vesicles as revealed in figure 4 a, it is essen-
tial to tilt the ultrathin section (100nm) in the TEM
and view the preserved and embedded structure
under various tilting angles (Fig. 4 e). In doing this,
it becomes obvious that the vesicles contain several
(here three) entities of lipid stacks arranged within
an organelle membrane. By continuously tilting the
specimen in 1 degree steps with the help of modern
TEM specimen stages, it is possible to acquire a to-
mographic tilt series, which allows to reconstruct
the 3D objects in the 100nm ultrathin section with
the help of 3D visualisation software. Such a recon-
struction of the lamellar bodies in figure 4e is
shown in figure 4f. It highlights the three different

“lamellar bodies” surrounded by one organelle li-
pid bi-layer which is embedded in a dense cyto-
plasm matrix enriched with filaments, ribosomes
and multivesicular bodies.

Figure 3 and 4 clearly show the benefit of a bet-
ter structure preservation and a multimodal imag-
ing strategy helping to address questions of skin
tissue organisation at the macromolecular level
towards a better understanding of the nano-or-
ganisation of biological matter.

Learning from Multimodal
Imaging Approaches

Modern preparation and imaging techniques allow
to close the bridge from in vivo to the nanomor-
phology of biological tissue as microstructure has
been demonstrated e.g. for the skin barrier struc-
ture (1). On one side, this allows to fulfill the dream
of having a zoom-in imaging-tool throughout the
different resolution levels for investigation of bio-
logical samples. On the other side, this helps to re-
duce workload in processing statistically relevant
amounts of samples to compensate for the biologi-
cally intrinsic variations. Starting from in vivo by
pre-selecting areas of interest with a multiphoton
laser scanning microscope (MPLSM) the structures
are recorded prior to taking a biopsy for further in-
vestigations at higher resolution (1). With the help
of CLSM investigations of samples prepared as de-
scribed above it is possible to visualise a broad
range of characteristic structures within the se-
lected biopsy at optimal structure preservation. 3D
information from MPLSM and CLSM can then be
used for the reconstruction of continuous struc-
tures within single cells as well as for the visualisa-
tion of the whole tissue sample (3D histology) and
can be brought into register with histological and
immunological images from a single selected sec-
tion of the embedded material. Alternatively, after
CLSM examination, (S)TEM of targeted ultra-thin
sections can be used to find answers to ultrastruc-
tural questions on structures pre-selected by 3D
light microscopy. Thus, a clear-cut TEM description
of these structures eliminates the risk of (over-) in-
terpreting light microscopic staining patterns by
precisely defining the stained structures, e.g. mem-
branes. Zooming from the sample overview into ul-
trastructural details within a multimodal dataset is
a prerequisite for a holistic structural analysis. This
allows to close the gap between histology and ultra-
morphology in 2D and even in 3D for the first time.
Identifying macromolecular arrangements in their
histological context and precisely describing ex-
actly the same structures at high resolution be-
comes possible. This is the only way to cope with
biological structural variance. With TEM tomogra-
phy becoming a routine technique, 3D analysis of
biological details can be pushed from LM level to a
level allowing the nano-bio-morphology (e.g. Fig. 3
lamellar lipids in vesicles) to be described in 3D.
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If the hydration state of a tissue is of interest, al-
ternatively, processing the sample in its frozen-hy-
drated state is the method of choice (8), allowing to
study e.g. effect of hydration or dynamic events
(schematically described in Fig. 1, upper row).

Future Learning from Skin
Research for Structural Biology

As discussed above, the aim of merging informa-
tion at different information levels is to get a holis-
tic model and hence a better understanding of the
biological system under investigation.

By combining new dedicated preparation and
imaging techniques in more than a correlative and
coordinated way, one can not only produce syner-
gies on the experimental side but also improve the
view and hence the imagination and models of a
structure under investigation (1). The basis is a
common, very high structure preservation quality
close to the native structure, so that data from dif-
ferent imaging approaches can be directly com-
pared and merged. This leads to far more than
comparing data from the same structure and de-
ducing common features - it is the “sine qua non”
for a multimodal integrative structure modelling
as well as a virtual modelling strategy for compu-
ter models based on real structural data.

Real correlative zoom-in structures may be
generated from cell monolayer culture (Fig. 5a-c)
by reallocating single cells of interest in a cell pop-
ulation and reinvestigating the region of interest
(selected event or localised changes) at higher
magnification by TEM. Or in tissue samples
(Fig. 5d-1), allowing the 3D histology to be studied
by CLSM of e.g. the melanosome pigment distribu-
tion (Fig. 5 e — blue structures) and its correspond-
ing ultra-structural background by TEM at higher
resolution, i.e.resolving the individual melano-
somes (Fig. 5f - dens particle) for further stereo-
logical evaluations.

Further 3D investigations at higher resolution
are available either by serial sectioning and 3D re-
construction of the structure of interest by TEM
(Fig. 6 a) or by SEM (15). A complete new ap-
proach has become available by the establishment
of FIB/SEM 3-D imaging, first established for ma-
terial science, and since recently, also available
for life-science application by collecting consecu-
tive 20nm section planes from an embedded tis-
sue sample (Fig. 6b).

Whether serial mechanical sectioning or ion
beam sectioning will be the method of choice for
3D structure investigations on the cellular and tis-
sue level needs to be investigated and carefully
evaluated in the near future. One big additional
benefit of FIB/SEM is that, even though it is also an
invasive method, FIB/SEM allows to stop the proc-
ess and pin point extract an ultra-thin TEM la-
mella for further investigation at higher magnifi-
cation in a (S)TEM. Combined with CLSM 3D

Serial Sections
e

£

c 3D Reconstruction

imaging, this would allow to shortcut the time of
searching an area of interest for high resolution
structure investigation once more.

The advantage (Fig. 7) of investigating samples
which, after high pressure freezing, have been
embedded in resin for structure research, can be
summarised in brief as follows:
= Only one biopsy (sample) is needed to cover a

large order of magnitudes in scale (mm to nm),

reducing cell and animal experiments and bi-
opsy material required for the investigation.

m Life-like “embedded” structural information —
data blocks — become long time storable.

= Investigation and reinvestigation of embedded
samples at any scale becomes time independent,
hence re-investigation is possible at any time af-
ter gaining new insights and new information.

= Biological variance can be overcome by investigat-
ing one and the same sample at different scales.

= 2D and 3D stereological investigations are pos-
sible at different scale levels (zoom-in studies).

m At low resolution: in vivo light microscopy inves-
tigations prior to freezing can be correlated with
histological and immunological structure data
on one an the same area.

= At medium resolution: 3D histological evalua-
tion by CLSM can be extended by 3D SEM block-
face ultra-structural investigations (serial sec-
tioning or ion milling) or serial sectioning for

TEM.
= At high resolution: 3D FIB/SEM data can be se-

lectively refined by FIB-lamella (S)TEM investi-

gations.

Fig. 6: Block-face embedded
material: some possible appli-
cation and further imaging
modes

a-c) Serial sections of embedded
Paramecia for TEM investiga-
tions — an image stack of a se-
lected area can be reconstructed
to a 3D model of a structural
feature. d-f) embedded tissue
(pancreas) investigated in a FIB/
SEM by ion beam milling of an
area of interest followed by seri-
al sectioning of the tissue by ion
beam sectioning.
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embedded
tissue

Fig. 7: Multimodal imaging po-
tential on one and the same
optimally preserved and stained
biological samples embedded
in resin

Left: non invasive imaging is
possible by CLSM, SEM and
AFM (16) on the resin block-
face; right: for 3D reconstruc-
tion the embedded sample has
to be mechanically sectioned or
removed layer by layer (inva-
sive treatment)
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These are all prerequisites for describing func-
tional or dynamic interactions of different cells or
cellular components acting as parts of a trans-cel-
lular information network reflecting proliferation,
differentiation, apoptosis and special synthesis on
different resolution levels.

By preserving the life-like material until imaging,
it becomes possible to use the low-resolution map
and continuous zooming-in to the details of interest
at macromolecular and molecular level, therefore
enabling us to study functional units, molecular
networks and to still keep the “overview” in mind.
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Section through jaw and tooth of an adult mouse stained with FITC / TRITC gelatine, showing a part of a 3D reconstruction; colours indicate the depth of each structure (LSM 510)
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Plastic Structures in the Brain

Two-Photon Imaging Uncovers Dynamic Cell-cell Interactions

The two-photon laser scanning microscope represents a fascinating instru-
ment which allows the direct observation of dynamic cell-cell interactions
in the nervous system of living animals. However, its powerful appear-
ance at the neuroscience stage was and still is dependent on the simul-

taneously occurring development of novel fluorescent dyes which ei-
ther selectively label defined structures in the brain or which are
genetically encoded and can be used in transgenesis. In particular,
the numerous mouse lines with cell-type specific expression of fluo-
rescent proteins (FP) offer a wide range of novel exciting in vivo ex-
periments in which the experimentator is a direct observer like a
football supporter following, the game of his team in the stadium.

In transgenic mice well characterised requlatory DNA elements con-

trol the expression of FPs in neurons, astrocytes, oligodendrocytes
and microglia. In the following, | will provide an overview of the
most prominent plastic changes observed in the nervous system dur-
ing development, in the adulthood and during neurodegeneration.

2RFL—EBEMERIE. ESCEBYOMRRICE TS MEEEEERDY
1FZUREEEREEITZVRATLAEVTHANTH B, —H T RN
ICBIFTZBEHUWVRRIE. DT ZEUTESTE MO EREZ BIRAVICER L
D BEHICO—RUTRRSIETHVWSNAFROBENERICTRELTWD 4
[ BT VI E R OEREEENICRIRSI B2 <DY U AL, vivo TDIEIA
W REBBISSRERRZTIRHELTVWS AR EIFTEDZ TRV TLATOMITF—LDHYH
—DHEEEHRIT IV R—FDOHF LRV TCEENICERRTEDZDTH D,
BELEFEAVIRICEWTIE TR ICHE S i-DNADHZME. ERMEE. AV ITF Y RO
NELTNr7O7)7ICRIFZDENXYV/IVDEFEZI MO—)LULTWS LI TOAER TlE, REB
BB ZUTHRERLBREICR T2 HBREED. RV B IC DWTIRRTHZ W,

Remodelling of Brain Structures is a
Common Process in the Nervous System

Synapses, these tiny structures connecting nerve
cells, are the major sites of brain communication
pathways. Understanding the regulation of synap-
togenesis, i.e. the formation of synapses and also
their elimination, is regarded as prerequisites to
understand brain function. Already quite early it
was recognised that synapses undergo a high
turnover in the growing nervous system. Initially,
a substantial surplus of synapses is formed with
subsequent use-dependent elimination. While
classical techniques (such as electron microscopy
and immunohistochemistry) can only describe
changes in synapse density and structure, the fe-
licitous combination of molecular biology and life
imaging as it comes with in vivo two-photon la-

ser-scanning microscopy (2P-LSM) and transgenic
mice expressing fluorescent proteins in a cell-type
specific manner generated a wealth of novel in-
formation on dynamic processes occurring in the
developing, adolescent and adult brain (Grutzen-
dler and Gan, 2006; Helmchen and Denk, 2005;
Nimmerjahn et al., 2004; Nolte et al., 2001; Feng
et al., 2000). In parallel to the generation of trans-
genic mice with fluorescently labelled cells, also
viruses have been constructed that allow the la-
belling of neural structures also in species which
are less accessible to germ line manipulation,
such as higher rodents or even non-human pri-
mates.

Thanks to these technological improvements,
we are now in a position to study brain dynamics
in diverse nervous systems as found in the fly,
worm, fish, mouse, rat and monkey.




Dynamics of Axons and Spines are
Heterogeneous in Various Regions of
the Brain

The most common experimental model to study
brain dynamics in vivo are transgenic Thy1-GFP or
Thy1-YFP mice in which the expression of green or
yellow fluorescent proteins (FPs) is regulated by
the Thy1 mini-gene (Feng et al., 2000) (Fig. 1). The
reporter protein expression is found almost exclu-
sively in neuronal cell populations only, particu-
larly, in projection neurons such as cortical pyram-
idal neurons, cerebellar Purkinje cells, retinal
ganglion cells or spinal motoneurons. But granular
neurons of hippocampus and cerebellum are also
found to be fluorescently labelled. Interestingly, in-
dividual transgenic founder lines are heterogene-
ous in respect to the pattern of FP expression. In
some lines, only few cells are labelled, while others
show an almost ubiquitous expression in almost all
cells of a distinct neuron population. Although this
appears disadvantageous at the first glance, dur-
ing the last years it turned out, that this provides a
major virtue. In animals with sparse labelling, the
observation of distinct structures (axons or spines)
is much easier, and the identification of single
spines or axons is facilitated during subsequent
imaging sessions over months.

The neuronal connectivity, i. e. the formation of
synapses by axonal terminals and postsynaptic
specialisations of the innervated neuron, deter-
mines brain function.

Synapses are not only formed during develop-
ment, their structural changes are also thought to
underlie learning and memory. However, until
very recently little was known about synaptic re-
organisation in vivo. To address this question,
Wenbiao Gan and his colleagues observed the
spines of layer 5 pyramidal cells in the visual cor-
tex of Thyl-EYFP mice for several months using
transcranial 2P-LSM (Grutzendler et al., 2002)
(Fig 2). They found that in young mice, i.e. within
the critical period of visual cortex development,
the vast majority of spines (about 75 %) appeared
stable during the observation period of a few
weeks, while simultaneously numerous small filo-
podial extensions were detected that transiently
emanated from the dendritic shafts and which
were retracted within less than an hour. Interest-
ingly, similar filopodia could not be detected in
adult mice. Although it was hard to detect the for-
mation of new spines, elimination of spines was
seen more often. In adult mice, however, almost
all spines (more than 95 %) remained stable over
the complete life of the animal. The mean half-life
of these spines was found to be 13 months.

Similar experiments have been performed by
the group of Karel Svoboda in the mouse barrel
cortex combining 2P-imaging with subsequent
electron microscopic processing of the imaged
brain region (Trachtenberg et al., 2002) (Fig. 2).
The generation of bona fide synapses were found
after transient extension of filopodia. In the barrel
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Fig. 1: In vivo two-photon laser scanning microscopy (2P-LSM) of the mouse cortex.

Two different variants of brain access to image neural plasticity. Through the thinned skull (20 to 40 um)
prelabelled neural structures such as green fluorescent protein-expressing neurons of transgenic Thy1-GFP
mice can be readily observed without induction of injuries to the cortical neuropile. In the chronic window
approach, a small hole of a few mm in diameter is inserted into the skull. Dyes or viruses can be applied lo-
cally for staining purposes. Subsequently, a glass coverslip covers the craniotomy to reduce pulsation of the
exposed brain and to allow repetitive imaging.

The latter approach has been used to perform chronic time-lapse imaging in the barrel cortex. The high-
resolution images display transient, semi-stable and stable spines of layer 5-pyramidal neurons as indicated
by blue, red and yellow arrowheads. Scale bars 100, 50 and 5 pm.

The thinned skull preparation has preferentially been used to image neurons in the visual cortex. The two
panels display dynamic filopodial extensions (arrows) and retractions (arrowheads) imaged in two different
1-month-old mice at 1-h-intervals. Scale bar 1 pm.

Modified from (Helmchen and Denk, 2005;Trachtenberg et al., 2002;Grutzendler et al., 2002).

visual cortex barrel cortex

BiB) EULAERS

i
VI HIRIEN

3

00—
¥ _ Siablespines
Y B

£y
1o
2

spina ifebimes

Added spines

0 1 \\-:.
8 @ @ e i@ s
Time inferaal i Idstime (days

Fig. 2: Long-term imaging of cortical spines in vivo.

In the visual cortex of adult mice, dendritic spines demonstrate long-term stability. The individual images
represent four different sites which have been recorded with time intervals of three days or two months, re-
spectively. More than 90 % of spines remain stable over a time period of three months.

In contrast, spines of the the barrel cortex seem to be more plastic. Spines appear and disappear with
broadly distributed lifetimes. Transient and semi-stable spines make up about 40 %, while only 60 % of
spines are stable for more than a week.

Modified from (Grutzendler et al., 2002;Trachtenberg et al., 2002).
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cortex, however, the spine turnover, and hence
spine plasticity, seemed to be more pronounced
than in the visual cortex. Spine lifetimes varied
significantly, ranging from days to months. But
only 50% of spines persisted for more than a
month, a rather small percentage when compared
to the 95 % of stable spines in the visual cortex.

To further reveal regional heterogeneity of
spine plasticity in the brain cortex, a comparative
analysis has been performed for the visual, audi-
tory and somatosensoric cortices in juvenile 4-
week-old mice (Majewska et al., 2006). And, in-
deed, significant differences in the basal rate of
spine motility in the same type of pyramidal cells
of layer 5 were uncovered. As reported previously,
neurons of the visual cortex revealed the lowest
rate of spine turnover. In young adult mice of 2 to
3 months, the synapses, both terminals and spines,
appeared rather stable, with more than 80% per-
sisting over a 3-week-period in all sensory regions.
Remarkably, axon terminals were more stable
than postsynaptic, dendritic spines.

These data together clearly demonstrate that
the largest proportion of synapses formed during
development can persist for the whole life of an an-
imal. It is tempting to speculate that these synapses
contribute to stable, long-term memory. However,
there was also a significant percentage of synapses
with fast use-dependent turnover, which might rep-
resent adaptive remodelling of neural circuits.
Therefore, it is very likely that processes underly-
ing learning and memory predominantly occur
through changes in the strength and efficacy of
existing synapses, but structural plasticity, i.e. re-
modeling of connectivity, with loss and gain of syn-
apses contributes also to brain function.

Experimental Modulation
of Synaptic Plasticity

To shed some light on distinct mechanisms which
might regulate either changes of synaptic efficacy

or the turnover of synapses, experimental manip-
ulation of sensory inputs has to be performed in
combination with in vivo 2P-LSM. For that pur-
pose, Majewska et al. (2006) studied whether the
differences observed between the motility of den-
dritic spines in different cortical areas would de-
pend either on the nature of the sensory, innervat-
ing input or on local cues intrinsic to the cortical
area itself. They performed surgeries on neonatal
mice which routed the retinal input to the auditory
thalamus instead of the lateral geniculate nucleus.
As a consequence, the auditory cortex instead of
the visual cortex received visual information. Since
subsequent 2P-imaging in grown-up mice did not
show any differences in dendritic spine motility of
neurons in the auditory cortex when compared to
untreated mice, these data clearly hint towards an
intrinsic regulation of structural plasticity rates in
cortical regions.

Interestingly, the loss of synapses seems to be an
important property of brain development and matu-
ration indicating the establishment of stable neuro-
nal circuits (Zuo et al., 2005; Holtmaat et al., 2006).

In the somatosensory, barrel cortex it was ob-
served that long-term sensory deprivation through
whisker trimming prevented a net spine loss (Zuo
et al., 2005) (Fig. 3). Although a preferential de-
crease in the rate of ongoing spine elimination
rather than a generation of new spine formation
was predominant in young mice, synaptogenesis
still persisted in adulthood. Spine elimination
could again be accelerated by restoring sensory
experience after adolescent deprivation.

Therefore, it is conceivable that adaptive mod-
ulation of brain circuits occurs via selective gen-
eration and loss of persistent spines upon novel
sensory experience. To test this hypothesis, Holt-
maat et al. (2006) repeatedly imaged dendritic
spines for one month after trimming alternate
whiskers, a paradigm that induces adaptive func-
tional changes in neocortical circuits. A checker-
board-type of whisker trimming led to a reorienta-
tion of axon terminals in neighboring barrels with
subsequent stabilization of new spines and desta-

38 | Structure

control

a Young control
m2-week timming

=

1

L*.]

1

Spines (%)
[=1]

.1
g

trimmed

Fig. 3: Whisker trimming reduces the use-dependent spine elimination in the barrel cortex of young mice.
Retrograde Dil labelling visualizes the distinct perceptive fields of individual whiskers (a) and indicates the barrel fields in which plastic spine

changes of layer 5 neurons were observed for two weeks (b, low maginification). Repeated imaging at high-magnification reveals plastic changes,
primarily spine elimination (arrowheads), but also new spine formation (large arrows) and filopodium turnover (small arrows) in control (c, d) and
whisker-trimmed (g, f) mice. Spine elimination but not formation is significantly reduced after whisker trimming (g). Scale bars 500, 10 and 2 pm.
Modified from (Zuo et al., 2005).



bilization of previously persistent spines. New sta-
ble synapses were preferentially formed on a se-
lective subclass of layer 5 neurons with complex
apical tufts rather than simple tufts.

From these studies it can be concluded that
throughout almost the whole life-span, experience,
i.e. activation of neuronal network activities, regu-
lates synapse remodelling and turnover, but par-
ticular critical phases exist during adolescence.

Also Axons Display Plasticity

So far, numerous studies demonstrated a clear
heterogeneity of spine development, its turnover
and synapse remodelling in a region-, age- and
experience-dependent manner. But even axons,
their branches and boutons, are highly plastic, in
rodents as well as in primates (De Paola et al.,
20006; Stettler et al., 2006).

In layer 1 of the mouse barrel cortex, axons
originating from the thalamus and layers 2/3/5 or
layer 6 pyramidal cells can be identified based on
their distinct morphologies (Fig. 4). Similar to the
stability of synapses, branching patterns and sizes
were preferentially found to be stable over months,
but cell type-specific rearrangements could also
be observed. Thalamocortical afferents could elon-
gate and retract branches of more than 100 um in
a few days. The majority of their boutons, how-
ever, seemed to persist throughout life. In con-
trast, terminaux boutons of layer 6 axons were
highly plastic. Only 40% of them persisted for
more than a month. The other intracortical axon
boutons showed intermediate levels of plasticity.
Retrospective electron microscopy revealed that
the new boutons formed synapses.

Similar results were found in the visual cortex of
adult Macaque monkeys in which axons were fluo-
rescently labeled by adeno-associated viruses (Stet-
tler et al., 2006). The large-scale branching pat-
terns were stable, but subsets of small branches
associated with terminaux boutons and en passant
boutons appeared and disappeared every week,
further strengthening the view of input cortices as
dynamic structures in which a small, but significant
number of local circuits are permanently rebuilt.

Dynamic Shape Changes are Key
Features of all Glial Cell Types

Plastic interactions of astroglial processes with
active synapses

The most recent view of a functional synapse has
integrated the neighboring compartment, i.e. the
astroglial processes (Halassa et al., 2007). Within
this tripartite structure, the enwrapping glial en-
sheathment regulate synaptic transmission by
transmitter uptake and by direct transmitter re-
lease. But, in addition, the astroglial processes are
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highly motile as well as it could be shown in acutely
isolated slices prepared from the brainstem of
transgenic TgN(GFAP-EGFP) mice (Hirrlinger et
al., 2004) (Fig. 5). At synaptic regions, astroglial
process endings displayed two defined modes of
spontaneous motility: (i) gliding of thin lamellipo-
dia-like membrane protrusions along neuronal
surfaces and (ii) transient extensions of filopodia-

Fig. 4: Plasticity and stability of
thalamocortical axons in the
mouse cortex.

During the first postnatal week,
substantial axon growth with
formation of collaterals occurs
within layer 1 of the mouse cor-
tex (a). In contrast, imaging of
thalamocortical axons in adult
mice reveals a long-term stabili-
ty from the 3 to 12" month of
age (b). Only a few of the axon
branches are either retracted or
show further outgrowth (c).
Modified from (De Paola et al.,
2006).

Fig. 5: Astroglial processes are
highly dynamic at synapses.
Single optical sections of an
acutely isolated and FM1-43
stained brainstem slice show ac-
tive synaptic terminals (red) and
their close interactions with as-
troglial processes (green)(a). The
right image represents a 3D re-
construction of a stack of 2P-LSM
images. Astroglial processes ap-
peared very motile as assessed
by overlaying a set of three con-
secutive stacks (12 optical planes
separated by 0.5pm), recorded at
30s intervals and coloured in red,
green and blue. Stationary struc-
tures appear in white while mo-
tile structures show up in distinct
colours (additive in the RGB
colour space with blue revealing
process extension and red retrac-
tion, respectively (b)). Scale bars
1 (a) and 2 (b) pm.

Modified from (Hirrlinger et al.,
2004).

Fig. 6: Contacts with astrocytes
stabilize neuronal spines.
3D-modelling of two-photon
image stacks reveal that the
contact sites are either large
enough to encircle the neck of
dendritic protrusions (arrow-
head in a, magnified views in d,
e) or are confined to a small ar-
ea (arrow in a, enlarged in b, c).
2P-LSM stacks were recorded
from organotypic slice cultures
of early postnatal mouse hip-
pocampi. Astrocytes were GFP-
labelled by viral infection, neu-
rones by electroporation with
rhodamine-dextran, respective-
ly. The contact of astroglial
processes increases the lifetime
of spines (f) and the probability
of their formation (g). Spine
length, however, is not modu-
lated by astroglial interactions
(h). Scale bar 5pm.

Modified from (Nishida and
Okabe, 2007).
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Fig. 7: Microglial processes are
very motile, continuously survey-
ing the CNS parenchyma and re-

acting upon acute injuries.
Time-lapse recording of micro-
glia in the spinal cord of geneti-
cally modified mice in which
EGFP is expressed from the CX-
3CR1 locus (a). Microglial proc-
esses are longitudinally orien-
tated along axonal fiber tracts.

Some small membrane protru-

sions (arrows) emanate from
the major processes within
minutes, whereas others are re-
tracted simultaneously. These
terminal processes constantly
survey their cellular neighbour-
hood. The lower right image is
an overlay of the three grey im-
ages colour coded in red, green
and blue. The static portion of
the cell therefore appears in
white and the moving process-
es in different colours.

Laser-evoked micro-lesions of

cortical capillaries induce im-
mediate attraction of microglial

processes which shield the in-
jured site from the neighboring

tissue (b).

Modified from (Giaume et al.,

2007;Nimmerjahn et al., 2005).
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like processes into the neuronal environment. Sim-
ilar data could also be observed in organotypic
slice cultures of the hippocampus (Benediktsson et
al., 2005; Nishida and Okabe, 2007). Shigeo Okabe
and his coworker could further identify ephrin-A3
and EphA4 as an important mechanism of synaptic
neuron-glia interaction (Nishida and Okabe, 2007).
They showed that thin neuronal filopodia were sta-
bilized by astroglial processes leading subsequently
to thick, mushroom-like spines receiving synaptic
input (Fig. 6). These studies highlight the active
role of astrocytes in synaptic remodelling, modula-
tion of synaptic transmission and hence, tuning of
neuronal circuits.

Unfortunately, astroglial processes and, in par-
ticular, their fine membrane protrusions are sig-
nificantly thinner (20 to 50pum) than the spatial
resolution of 2P-microscopy (300pum). Therefore,
astroglial process imaging has so far been re-
stricted to brain slices obtained from neonatal
mice in which the processes are less densely com-
pacted as in the adult. So we are still awaiting ob-
servations from living mice.

Oligodendroglial Motility as a
Mechanism to Achieve Proper Spacing of
Myelin Units Along Axons

Although transgenic mice with expression of fluo-
rescent proteins in oligodendrocytes, the myelinat-
ing glial cells of the central nervous system exist
(Fuss et al., 2000; Belachew et al., 2001; Hirrlinger
et al., 2005), they have not yet been used to study
and visualize the dynamics of processes along neu-
ronal fiber tracts. Myelinating oligodendrocytes
arise from migratory and proliferative oligodendro-
cyte progenitor cells (OPCs). Complete myelination
requires that oligodendrocytes are uniformly dis-
tributed and form numerous, periodically spaced
membrane sheaths along the entire length of tar-
get axons. The mechanisms how oligodendrocyte
assemble along axons and initiate the spiralling of
myelin sheaths are not yet known.

Exciting observation of oligodendroglia during
these initial phases of myelinogenesis were made
in the transgenic zebrafish (Kirby et al., 2006).

At the onset of myelination oligodendroglial pro-
genitor cells continuously extended and retracted
numerous filopodiuma-like processes, as similarly
seen in astrocytes. During this phase, they migrated
toward the axons forming a linear array with de-
fined separating distances. Dynamic contacts with
neighboring progenitors seemed to define the inter-
cell distance at the axon. Therefore, the process
motility before axon wrapping might serve as a sur-
veillance mechanism facilitating uniform spacing of
oligodendrocytes and complete myelination.

Motile Microglial Processes Survey
their Microenvironment and Respond
to Acute Brain Injuries

Microglial cells represent the immune system of
the mammalian brain and are therefore critically
involved in various injuries and diseases.

Until very recently, microglial cells have been re-
garded as rather quiescent cells during normal
brain function. By taking advantage of a genetically
modified mouse line in which the fractalkine recep-
tor CX3CR1 was replaced by the green fluorescent
protein EGFP (Jung et al., 2000), and applying in
vivo 2P-imaging to the neocortex, an unprece-
dented degree of process motility was observed in
microglia (Nimmerjahn et al., 2005; Davalos et al.,
2005). Although microglial cells were assumed to
be at their so-called resting state, they continually
surveyed their cortical microenvironment. Perma-
nently, thin processes and membrane protrusions
were extended and retracted almost randomly
(Fig. 7). Microglial processes, however, were per-
fectly suited to react also directionally. Small, highly
localized disruptions of the blood-brain barrier pro-
voked immediate and focal attraction of microglial
processes. Injury-sensing cells changed their be-
havior from a patrolling state to a protective phase
by shielding the injured site (Fig. 7). The bifunc-
tional molecule ATP, acting as an energy metabolite
as well as a transmitter, could be shown to mimic
the rapid chemotactic response upon injury (Dava-
los et al., 2005; Haynes et al., 2006). The regulation
of microglial branch dynamics by extracellular ATP
was further confirmed in mice lacking the metabo-
tropic purinoreceptor P2Y12 (Haynes et al., 2006).
Within the nervous system, this receptor is selec-
tively expressed on microglial processes only. In
P2Y12 knockout mice not only the ATP-dependent
attraction of microglial processes is blocked, but
the attraction of processes towards small necrotic
lesions is also impaired.

Structural Adaptations in the Chronically
Diseased Brain

The brain of patients suffering from Alzheimer’s
disease (AD) is characterized by proteinaceous ex-



tra- and intracellular deposits termed amyloid
plaques and neurofibrillary tangles, respectively. In-
terestingly, the formation of amyloid plaques can be
followed in a transgenic mouse model of AD by in
vivo 2P-LSM using the fluorescent compounds thio-
flavin S and T as well as their derivatives (Bacskai et
al., 2003). When thioflavin staining of the cortical
neuropile is applied in mice with viral or transgenic
FP expression the interaction of plaques with vari-
ous cellular compartments can readily be studied,
even during the complete progression of the disease
(Tsai et al., 2004; Spires et al., 2005). Substantial
spine loss and shaft atrophy of dendrites were often
observed in the vicinity of fibrillar amyloid deposits
(Fig. 8). In addition, adjacent axons developed large
varicosities, irregular bendings, and abrupt branch
ending as a consequence of neurite breakage.
Therefore, AD plaques can cause wide-spread and
permanent disruption of neuronal connections. In-
terestingly, also some process sprouting could be
detected. Careful investigation of human post mor-
tem brain revealed similar changes, demonstrating
the validity of data obtained in the mouse model
(Grutzendler et al., 2007). Prevention and early
clearance of amyloid plaques have to be the prime
target for any therapeutic approach targeting AD.

Outlook

The last decade has witnessed a substantial in-
crease in our knowledge of plastic changes in the
healthy and diseased brain. A prerequisite for the
success of numerous studies was the combination
of transgenic mice with FP expression and in vivo
2P-LSM. So far, most studies used only a single or
sometimes two different fluorescent dyes. Future
studies will take advantage of novel neurogenetic
strategies allowing the visualization and distinc-
tion of complete neural networks. In addition, ge-
netically encoded biosensors will help to study sig-
nalling pathways, and light-modifiable proteins
will allow the manipulation of neural cell proper-
ties directly by the investigator.
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Fig. 8: Disintegration of neurites
in the vicinity of amyloid
plaques imaged by in vivo
2P-LSM. Two neuronal process-
es (arrows) adjacent to a
plaque of AB deposits disap-
peared within the observation
period of a week. A third proc-
ess (arrowhead) retracted and
left a retraction bulb behind (c).
Axonal varicosities show sub-
stantial, but variable changes
at amyloid plaques. While some
disappear (asterisks), others are
newly formed (square) or re-
main stable (triangle). The ar-
row indicates a disappearing
axonal branch. Scale bar 10 pm.
Modified from (Tsai et al.,
2004)
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» Imaging Mitochondrial Physiology
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'y Application of Fluorescence Imaging to Study Mitochondria
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show how the approach lends itself to the
study of mitochondrial function. Mitochon-
\? dria play a pivotal role in cell life and death.
@‘\ # " Understanding thesintegration of mitochon-
LS . f!rial physiology into cell signalling pathwfays
B\ § is therefore central to much of cell physiol-
& ogy, and by implication, to much of medicine.

$ 1 The list of diseases for which mitochondrial
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“ ) tochondria if we are to make progress in un-
o a.d&tanding the processes that define these
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‘\v > diseases.
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Fluorescence imaging has had a spectacular im-
pact on our understanding of physiology, from
details of molecular mechanisms and cell signal-
ling pathways to the complexities of intercellular
communication. The technical demands of micro-
scopy and imaging have fostered a reductionist
approach, driving the development of instrumen-

Fig. 1: Mitochondrial membrane
potential (Aym) measured with
TMRM. A. An astrocyte loaded
with TMRM (25 nM) at equilibri-
um illustrates accumulation of
the dye into mitochondria. B.
Collapse of Aym using the
ionophore FCCP (tight) pro-
motes redistribution of the dye.
C. Using the ‘dequench’ proto-
col, mitochondrial depolarisa-
tion and loss of dye from the
mitochondria increases the fluo-
rescence signal in the cytosol. In
these images, extracted from a
sequence, the images have been
divided by the first image to
show relative changes in signal.

__ Keywords:

mitochondria, intracellular
calcium, FLIM, gluathione,
NADH, mitochondrial
potential
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tation with ever higher spatial and/or temporal
resolution to explore function in cells, parts of
cells or proteins. It seems that there is now a
growth towards a more integrative approach,
seeking to explore signalling pathways within tis-
sues to explore ways in which signalling path-
ways identified at the cellular or subcellular level
contribute to the complexities of organ system
function.

In approaches that were initially driven by the
application of indicators of intracellular calcium
concentration, we now have a huge armamentar-
ium of physiological fluorescent indicators at our
disposal that allow measurements of cytosolic cal-
cium concentration, calcium concentration in spe-
cific compartments — in ER or mitochondria -
intracellular magnesium, zinc, pH, membrane
potential, secretion, redox state, free radical gen-
eration... and so the list goes on. Great advances
have come from the ability to use probes with dif-
ferent spectral properties — arising from the avail-
ability of probes with excitation and emission
spectra that range throughout the spectrum and
in the exquisite optics of modern microscopes that
allow simultaneous or near simultaneous excita-
tion or emission of multiple wavelengths. Such ad-
vances are key to understanding the relationships
between different aspects of signalling, allowing
measurements of multiple variables at the same
time and so the relationships between them.




Introducing Mitochondria

Our interests focus on understanding cellular me-
tabolism, its interaction with other aspects of cell
physiology and the role of disordered metabolism
in pathological systems. Figure 2 shows a cartoon
to illustrate the major mechanisms involved in
driving mitochondrial oxidative phosphorylation.
Mitochondrial function is central to so many as-
pects of cell physiology that it follows inevitably
that mitochondrial dysfunction will lead to dis-
ease. Irreversible damage to mitochondria is key
in defining the point of no return in ischaemic in-
jury in heart, brain, kidney and no doubt other
less studied tissues. More subtle aspects of mito-
chondrial injury are associated with diabetes, with
many of the neurodegenerative diseases (includ-
ing Parkinson’s, Huntington’s, Alzheimer’s Dis-
eases and motoneuron disease) and genetic mito-
chondrial dysfunction underlies the family of
diseases encompassed by the mitochondrial en-
cephalomyopathies. How then is it possible to in-
vestigate mitochondrial function in order to gain a
better understanding of the mechanisms that un-
derlie these horrible diseases? For a recent review
see Duchen, 2004.

The great power of imaging (compared to tradi-
tional biochemical approaches) comes into its own
where we want to compare mitochondrial and cell
physiology in a heterogeneous cell preparation or
an intact tissue or where the yield of cells availa-
ble from a small structure does not allow standard
biochemistry. Then we can identify the cells under
the microscope and explore their physiology di-
rectly or compare the physiology of different cell
types side by side.

Measuring Mitochondrial
Membrane Potential

Fluorescence imaging provides a number of ap-
proaches to illuminate aspects of mitochondrial
function. Perhaps the most widely employed meas-
ure of mitochondrial physiology is the measure-
ment of mitochondrial membrane potential (Aym).
These measurements rely on dyes such as tetra-
methyl rhodamine methyl ester (TMRM) or rhodam-
ine 123, lipophilic cations that partition between
cellular compartments according to differences in
potential. Mitochondrial potential dictates the rate
of ATP generation, calcium accumulation and pro-
tein import. At very low (nM) concentrations, the
dyes partition into mitochondria (Fig. 1A) so that
fluorescence intensity is a simple function of dye
concentration which is in turn a simple (logarith-
mic or Nernstian) function of potential. Under
such conditions, it is possible to allow the dye to
equilibrate and then make direct comparisons of
potential between cell populations simply by meas-
uring the intensity of signal from the mitochon-
dria. Good examples of such applications include
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Fig. 2: Substrates enter the tricarboxylic acid (TCA; Krebs') cycle where
NAD+ is reduced to NADH and FAD?* to FADH,. These are oxidised at
the respiratory chain, which carries electrons to molecular oxygen. In
the process, protons are translocated across the membrane, generating
an electrochemical gradient expressed as a potential difference across
the inner membrane (Avy,,), estimated at about 150 mV negative to
the cytosol. The potential provides the energy to drive ATP synthesis,
protein import and calcium accumulation.

exploring the potential in cells from a mutant ani-
mal versus control, in cells treated with some
agent versus control, changes in potential with
time during the progression of apoptosis or meas-
urements of potential in a cell transfected with a
protein perhaps lying adjacent to a non-trans-
fected cell where the impact of the protein expres-
sion on mitochondrial function is compared di-
rectly. It is important to stress that if high
resolution imaging is used, the mean signal from
mitochondria can be measured, with the back-
ground signal from the cytosol thresholded out.
The measured signal is independent of mitochon-
drial mass or density - it is a function solely of the
dye concentration within individual mitochondria
and so will be brighter or darker according to po-
tential, no matter how dense the mitochondrial
network might be. The main limitation is in cali-
bration - measurements can be quantitative and

Fig. 3: Mitochondrial potential
undergoes fluctuations in astro-
cytes following exposure to the
amyloid B peptide (AB1-24) as-
sociated with Alzheimer's Dis-
ease. This is a mitochondrial re-
sponse to fluctuations in intra-
cellular calcium and oxidative
stress following activation of
the NADPH oxidase by AB.

A shows images extracted from
a time series (see animation of
this series on line). B shows a
representation of the changes
in space and time, plotting the
intensity profile along a line
across the image. A surface
view of the pot is shown as C.
Each flash of signal represents
transient mitochondrial depo-
larisation in a cell - the images
were acquired at x20 magnifi-
cation using a cooled CCD cam-
era and include many cells (see
Abramov et al., 2003, 2004).
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Fig. 4: NADH is imaged in cells.
A an isolated ventricular cardi-
omyocyte shows NADH fluores-
cence from densely packed mi-
tochondria which run parallel
to the long axis of the cell. The
mitochondrial signal vanishes
after the cells are exposed to
FCCP, which stimulates respira-
tion and so oxidation of NADH.
B. Mitochondrial NADH and fla-
voprotein signals are manipu-
lated using CN to inhibit respi-
ration and promote maximal
reduction, and FCCP to pro-
mote maximal oxidation. Sam-
ple images (from an adipocyte)
taken from a time series are
shown below the plot of inten-
sity with time in which the sig-
nals have been normalised to
the maximally reduced (1") and
maximally oxidised ('0") levels.
This cell shows a relatively re-
duced resting ‘redox index'. C.
In mouse oocytes, pyruvate
(left) promotes oxidation of cy-
tosolic NADH and reduction of
the mitochondrial pool (the mi-
tochondria are brighter against
a darker background). Lactate
promotes a strong cytosolic
NADH signal (shown on the
right) determined by LDH activi-
ty (Dumollard et al., 2007).

Fig. 4a: the cell is about 100
microns in length.

Fig. 4c: the cell is about 100
microns in diameter.

proper statistical comparisons made, but true esti-
mation of potential is generally not practical or re-
liable.

In response to dynamic changes in potential
during cell signalling, it is possible to follow the
redistribution of the dye as mitochondrial poten-
tial is lost, but quantification is complex and re-
quires identification of mitochondrial and cytosolic
signals (Fig 1B). Instead, we often use an approach
in which higher concentrations of dye are used.
The concentration of dye within the mitochondria
may reach a concentration at which the dye un-
dergoes a phenomenon of autoquenching through
the interaction of dye molecules or the formation
of non-fluorescent multimers. Mitochondrial de-
polarisation then causes the redistribution of dye
to the cytosol where the quench is relieved, caus-
ing a dramatic increase in fluorescence. This is
often referred to as a ‘de-quench’ protocol and it
is a useful way of amplifying changes in potential
(Figs. 1C and 3). While this approach may be less
rigorously satisfying than the former, but it has
merit, in that it does not require high resolution
imaging. We can image a field of cells at low power
and follow changes in signal with time in response
to a treatment. An increase in signal then gives an
unambiguous measure of mitochondrial depolari-
sation without having to resolve individual mito-
chondrial structures (Fig. 3). This is not the place

for a detailed treatment of the use of these dyes or
comparisons between dyes and for this I refer
those interested to Duchen et al., 2003.

Measuring (mitochondrial) Redox State

Measurements of mitochondrial redox state pro-
vide an invaluable further insight into mitochon-
drial metabolism. The mainstay of classical bioen-
ergetics is the oxygen electrode. However, we are
often faced with situations where the cell number
is too small or cell populations are heterogeneous
- say cells have been transfected with a protein
and we have a mixture of transfected and non-
transfected cells side by side on a cover slip. Mito-
chondrial respiratory rate is reflected in the redox
balance of mitochondrial pools of NADH and
FADH,. These can be measured because in each
case, only one member of the redox pair is fluo-
rescent and so the fluorescence is related to the
balance of NADH/NAD* (NADH is the fluorescent
partner) or FAD?/FADH, (FAD?* is fluorescent).
While these are complex functions of the rate of
oxidation by the respiratory chain and substrate
supply, a decrease in Ay, associated with in-
creased reduction of the pool must indicate an im-
paired respiratory chain, while if NADH is more
oxidised it is likely that potential is reduced due to
an increased ion flux across the membrane - a
‘leak’ or increased ATPase activity — which drives
an increase in respiratory rate. On this note I must
also make the point that a decrease in potential is
not inevitably ‘a bad thing’ — it may simply point to
higher ATP turnover.

NADH fluorescence is excited in cells or tissues
using a UV light source with optimal excitation at
350nm or with multiphoton imaging with excita-
tion around 720nm (Huang et al., 2002 - see Figs.
4 and 7). Emission is in the blue, with a peak at
about 550nm (Chance and Baltscheffsky, 1958).
The fluorescence of FAD?** is shifted by about
100nm - we use the 458 line of an argon laser-
and emission peaks at ~550nm. Much of the basis
for these measurements was established in the
1950’s from the work of Britton Chance. With a
Zeiss 510 LSM, ‘multitracking’ allows us to switch
back and forth between these measurements so
that the two signals are measured effectively si-
multaneously (Fig. 4B). It seems crucial to us to
understand that the basal signal is meaningless
without reference to landmarks that effectively
define the dynamic range of the signal. We rou-
tinely use CN- to inhibit respiration and to push
the redox system to its maximally reduced state
after which the CN- is washed out to be replaced
by an uncoupler, such as FCCP, which drives respi-
ration to its maximal capacity and so promotes
complete oxidation of the redox pairs (Fig. 4A, B).
The position of the basal signal relative to these
extremes then gives us a measure of resting redox
state in the cell.
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In most cell types, NADH is predominantly mi-
tochondrial, and the majority of UV excited blue
autofluorescence is derived from mitochondrial
NADH. In the mammalian egg, which has an ex-
traordinary metabolism, much of the NADH signal
is cytosolic (Dumollard et al., 2006). This is de-
fined by LDH activity. Figure 4C illustrates the way
that the balance can be driven by either lactate
(which promotes cytosolic NADH generation) or by
pyruvate, which promotes oxidation of the cy-
tosolic pool while it is taken up into mitochondria
and promotes reduction of the mitochondrial pool.
This approach has allowed a dissection of meta-
bolic pathways in the egg to illuminate the metab-
olism of a cell type where the small numbers of
cells available make routine biochemistry very
hard or impossible.

We are still limited in interpretation of autofluo-
rescence signals as it remains a complex task to
tease out contributions to the signal from cytosolic
versus mitochondrial components, while NADPH
also has such a similar spectrum that it is not prac-
tically separable. One possible approach that might
help separate these signals is fluorescence lifetime
imaging, or FLIM. The collection of photons follow-
ing excitation of fluorescence from a pulsed light
source allows the tracking of the times of arrival of
photons following the pulse. These are built into a
time distribution to measure the decay rate con-
stants of the excited signal (Fig. 5). Free NADH in
solution has a mean lifetime of around 400psec,
while enzyme bound NADH has a mean lifetime of
around 2 nsec. In cells it is possible to resolve life-
time distributions of NADH autofluorescence sig-
nals as (at least) bi-exponential fits with time con-
stants representing these two forms and giving
remarkably similar values (Fig. 5). The measure-
ments remain time consuming, but as the technol-
ogy develops, perhaps this approach will allow fur-
ther exploration of the factors that determine the
balance of free and bound NADH pools.

Glutathione and Oxidative Stress

Mitochondrial dysfunction is inextricably linked
with changes in cellular redox state and possibly
with oxidative stress. Damage to the respiratory
chain can increase electron leak from the respira-
tory chain generating superoxide anion, while oxi-
dative stress due to generation of oxygen free rad-
ical species may deplete cellular antioxidant
defences including glutathione. Glutathione deple-
tion in turn alters the redox balance of the cell and
causes mitochondrial dysfunction in neurons
(Vesce et al., 2005) and can cause cell death. A
number of probes are used to follow the genera-
tion of oxygen radical species, including hydroethi-
dine and carboxyfluorescein and the mitochondri-
ally targeted hydroethidine derivative, mitoSOX.
All are non-fluorescent derivatives of a parent flu-
orescent dye (ethidium, fluorescein) and are oxi-

Fig. 5: Lifetime imaging differ-
entiates pools of bound and
free NADH. Lifetime images of
NADH in an isolated ventricular
cardiomyocytes were acquired
using a Zeiss NLO system, Co-
herent chameleon laser (at
720nm), collecting fluorescence
between 435-485nm using a
Becker and Hickl TSCPC system.
The lifetime signal was well fit
by the sum of two exponentials
(shown for a single pixel in B).
As the cell is packed with mito-
chondria, the bulk of signal is
mitochondrial and the distribu-
tion lifetimes reflects mitochon-
drial NADH. 65 % of the signal
arose from the short lifetime
form (free NADH). The images
show the intensity distribution,
the distribution of lifetimes at
tau 1 and tau 2 and the distri-
bution histograms for signals at
tau 1 and tau 2.
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Fig. 6: Measurements of glutathione using monochlorobimane (MCB). A. images from a Z-stack from a prepara-
tion of hippocampal neurons and astrocytes in co-culture. The Z-stack passes first through the astrocytes (i) in
which the signal is close to saturation. At higher focal planes, the neurons become visible (ji) and show a much
lower signal confirming that astrocytes have a much greater GSH content than neurons. The intensity in Z is
plotted through the stack in iii. Thus, measurements can be made in different cell types growing side by side in
the same culture. The image in B is a projection of a z-stack showing MCB fluorescence in a neuron in culture.

dised to the fluorescent product by free radical
species. A number of probes based on fluorescent
proteins are now available whose fluorescence
changes according to a change in redox state, but
none of these is in widespread use and their rela-
tive merits remain to be established.
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Fig. 7: Preferential Ca2+ uptake
sites and intramitochondrial
Ca2+ waves in the mitochondri-
al network of HelLa cells. Cells
transfected with a mitochondrial
targeted ratiometric pericam
probe (2mtRP; Filippin et al.,
2005), were stimulated with his-
tamine which promotes IP3 me-
diated Ca2+ release from the ER.
The probe was excited at 410nm
and images acquired using a
back-illuminated CCD camera. A:
pseudocolored time series shows
changes in intensity (dF/F, left
panel) and the velocity of chang-
es (dF/dt). Ca2+ uptake sites are
visible as red spots at the time of
fast Ca2+ uptake into mitochon-
dria (white arrowhead), followed
by Ca2+ waves spreading
through the mitochondrial net-
work (double white arrowhead).
B: Linescan analysis of 2mtRP
fluorescence intensity along a
long mitochondrial profile (upper
panel). Preferential Ca2+ uptake
sites are labeled with white ar-
rowheads (middle panel). The
propagation of the Ca2+ waves
is represented by the spread of
the high [Ca2+] area (shown as
red). The Ca2+ ionophore iono-
mycin caused evenly distributed
high Ca2+ throughout the mito-
chondrial pool (lower panel).
Modified from Bianchi Szabadkai
etal., 2005.
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Monochlorobimane (MCB; Fig. 6) is a dye that al-
lows us to obtain a measure of reduced glutathione
(GSH) in cells as a one off snapshot (Keelan et al.,
2001; Fig. 5). It is conjugated with glutathione
through a reaction catalysed by glutathione-s-trans-
ferase, generating a fluorescent product. At a steady
state, the fluorescence signal therefore reflects the
GSH content of the cell. As in the process GSH is
bound to the MCB, it can also be used to rapidly de-
plete GSH (Vesce et al., 2005) to explore the conse-
quences of GSH depletion. The MCB signal seems to
give a reliable indicator of oxidative stress and in

Fig. 8: Images obtained using
multiphoton excitation in intact
tissues. A and B show the signal

from an isolated Langendorff
perfused heart loaded with TM-
RM through the coronary arter-

ies. A shows the distribution of
mitochondria in the ventricular
cardiomyocytes. Note the load-
ing of mitochondria in endothe-
lial cells lining a blood vessel
(arrow). B shows the NADH flu-
orescence signal from a similar
preparation. C. Calcein AM per-
fused into the coronary artery
loaded first into endothelial
cells lining the vasculature

(green), seen against the blue

NADH fluorescence. D and E:
images of mitochondria in renal
tubules in an acute slice prepa-

ration of rat kidney. D shows a
high power image of the TMRM
signal from proximal tubule. Mi-

tochondria are enriched at the
basal pole of the cells. E shows

a lower power view of the dis-

tribution of NADH in the renal
cortex. Mitochondrial structure,
distribution and signal vary be-
tween different components of
the tubule. (Courtesy of Sean
Davidson and Andrew Hall)
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our hands a decreased MCB signal correlates well
with other measurements of increased free radical
generation (see Abramov et al, 2003, 2007).

Calcium

The electrogenic accumulation of calcium into mi-
tochondria through the uniporter has been a
source of great research interest for many years.
By removing calcium from microdomains of cy-
tosol, mitochondria act as spatial buffers and con-
tribute to the subtle spatiotemporal patterning of
calcium signals. Conversely, mitochondrial calcium
accumulation plays a major role in regulation of
mitochondrial metabolism and excess calcium ac-
cumulation is key as a trigger to cell death (for re-
view, see Duchen, 2004). Measurements of calcium
uptake remain more difficult. Key measurements
were made using aequorin luminescence, but this
requires populations of cells and so contains no
spatial information (Rizzuto et al., 1992). Fluores-
cent dyes such as rhod-2 and x-rhod-1 have a pos-
itive charge in their membrane permeant form and
so tend to accumulate in mitochondria, but this is
variable and generally unreliable. Usually, enough
dye remains in the cytosol that if cytosolic calcium
becomes very high, it can be almost impossible to
discern a specific mitochondrial component to the
signal. The recent introduction of fluorescent pro-
tein based calcium sensors targeted to mitochon-
dria has made such measurements much more re-
liable (Fillippin et al., 2005; Szabadkai et al., 2004;
Fig 7). If these signals can be measured simultane-
ously with a cytosolic calcium indicator, it becomes
possible to directly relate local calcium signals to
local mitochondrial calcium uptake.




Into the Future?

Most imaging in cell physiology has required
cells grown in culture. We have recently been ex-
ploring the use of tissue slices or intact isolated
perfused organs. In tissue slices, the better tis-
sue penetration of multiphoton imaging can be
wonderful, although standard fluorescent dyes
usually penetrate only a few cell diameters into
the tissue. In an intact perfused organ system,
dyes introduced through the vascular system
reach the tissue more effectively (Figs. 8, 9), al-
though tissues such as kidney and liver have an-
ion pumps that remove the dyes efficiently, so
that effective loading requires inhibition of the
pumps with probenecid or sulphinpyrazole. Nev-
ertheless, the potential power of such approaches
is surely obvious, as it becomes possible to ex-
plore cell signalling pathways in an intact tissue.
In the isolated perfused heart, movement is obvi-
ously a major problem, but it is possible to watch
changes in mitochondria, redox state and cal-
cium in ventricular cardiomyocytes and in the
vasculature directly during ischaemia (Fig. 8, 9).
Imaging kidney slices (Fig. 8) or the intact per-
fused kidney allows a direct exploration of the
metabolic specialisations in different parts of the
nephron. The beauty of such an approach is that
it becomes possible to explore changes in physi-
ology in multiple cell types within the tissue si-
multaneously.

The development of protein based fluorescent
probes that can be targeted selectively to make
measurements from discrete cell populations or
compartments is perhaps the most exciting and
important current advancing field. This approach
also avoids the use of AM ester based reporters
which are hard to load into tissues in vivo. The
expression of such probes in intact tissues and
animals, from nematode or drosophila to trans-
genic mice, promises to take us to new levels of
understanding. Currently, both the range and
quality of such probes and the availability of
transgenic animals is limited, but it is an area
which is growing so fast that in a few years time,
it seems obvious that such experimental ap-
proaches will be commonplace.

Surely the ultimate goals of such imaging ap-
proaches must lie in translating the findings in
isolated cells and tissues to intact organisms, and,
ultimately, to people. For example, we have ar-
gued that mitochondrial state is critical in reper-
fusion injury in the heart, in the brain in gluta-
mate toxicity or in the neurodegenerative diseases.
Can we find ways to make such measurements in
intact people so that we can track the develop-
ment of such pathology in a human subject?
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Fig. 9: An image series of a
Z-stack of ventricular muscle of
the isolated Langendorff per-
fused heart loaded with TMRM
(ex 900 nm) by perfusion
through the coronary artery. At
the surface, collagen fibres are
seen by second harmonic imag-
ing at 450 nm. The collagen fi-
bres are stretched and straight,
but show tortuous patterns
when cardiac filling is impaired.
(Courtesy of Sean Davidson)
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Formjnd Functlon in Anll!al Development

Our view of development has come to life.
Developmental biologists used to rely solely
on static images of fixed preparations taken
at different stages to infer information about
dynamic events during morphogenesis. Now,
new developments in microscopy are provid-
ing a real-time view of dynamic processes of
animal development and new answers to old
questions are emerging. The explosion of
tools available for live cell imaging is having a
tremendous impact on what can be studied
and quantified, leading to a huge refinement
in our knowledge of how complex develop-
mental processes are orchestrated at the tis-
sue, cell and molecular level. In this review, |
will describe some of the advances in micro-
scope technology that have impacted our un-
derstanding of both morphological and phys-
iological changes in living embryos.

Introduction

Advances in microscopy technology and fluores-
cent reporters are providing fascinating new in-
sights into dynamic developmental mechanisms.
Microscopy has been used to answer fundamental
questions about embryonic development since the
days of Leeuwenhoek, Malpighi and Swammer-
dam in the 17" century (see (1)), but until recent
years, microscopes have mostly been tools to ob-
serve changes in anatomy in either live or fixed
embryos. Today’s microscopy offers a dynamic,
real-time perspective of developmental physiol-
ogy, offering ways to not only reveal molecular
and physical events but to quantify and correlate
these processes. A fundamental question in devel-
opmental biology relates to how morphogenetic
movements and cell differentiation are controlled
by cell signaling events. Our knowledge of the in-
terconnections between different signaling path-
ways continually increases and we now know that
the genetic control of morphogenesis has complex
feedback loops that involve mechanical as well as
biochemical signals (2). Integrating information
about physical forces and developmental signaling
cascades has been a challenging pursuit in devel-
opmental biology, but the development of more so-
phisticated methods to probe these interactions is
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clearly providing new tools for researches. For in-
stance, significant advances using optical micros-
copy have been recently made, which have greatly
aided in understanding morphogenesis by provid-
ing better tools to quantify dynamic events and
visualize cell signaling pathways in real time,
bringing both anatomy and physiology into focus.
This review will discuss some of the recent works
where advancements in vital, optical microscopy
have provided insights into the causal relation-
ships between form and function.

Quantitative Imaging of Functional
Changes in Cardiovascular Function

The cardiovascular system is the first organ sys-
tem to become functional during vertebrate devel-
opment. The heart and vessels are formed soon
after gastrulation, and continual changes in heart
structure and the circulatory network are made as
new organs are formed and sources of nutritive
support change as the embryo matures. There is
great interest in understanding how the heart
functions as its three-dimensional form changes,
and how cardiac function is integrated with the



cell signaling cascades necessary for morphogen-
esis (3). The difficulty in answering these types of
questions, in part, has been due to the lack of com-
plete, real-time, 4-d models of the embryonic
heart during development and the means to make
quantitative measurements of functional changes.
Since the embryonic heart beats 2-3 times/sec.
and moves blood at mm/second rates, high resolu-
tion optical imaging methods such as confocal mi-
croscopy have traditionally lacked sufficient speed
to capture 3-d optical sections fast enough to
render interpretable 4-d models.

Recently, new developments in optical micros-
copy have provided a number of ways to image the
beating heart and these studies have revealed
some exciting insights into embryonic cardiovas-
cular function. Traditional single point scanning
confocal systems offer excellent optical sectioning
capability but have slow image acquisition rates
(~5 frames/second for 512x512 pixels). Multi-
point scanning confocals, such as Nipkow spinning
disk systems (4, 5) or slit scanning systems that
scan an entire line of pixels at once (6-8), can im-
age at faster speeds for studying rapid dynamic
processes, but with reduced resolution at depth
compared to single point-scanning systems. Re-
cently, a slit-scanning system capable of imaging
at 120 frames/sec (512x512pixels) has been de-
veloped that also offers excellent rejection of out-
of-focus light (9-11). Using this microscope system
(Zeiss LSM 5 LIVE) in conjunction with non-gated
slice-sequence synchronization, we have been
able to generate 4-d reconstructions of the beat-
ing, embryonic zebrafish heart (9, 10, 12). By im-
aging transgenic embryos expressing GFP in the
blood cells, the endocardium or in the cardiomyo-
cytes, it was possible to use these images to quan-
tify blood flow and volume changes and to track
the motion of contracting cardiomyocytes (Fig. 2)
in the heart at several stages. These studies have
revealed the following: that the embryonic ze-
brafish heart tube functions as a dynamic suction
pump (12), that there is significant regurgitation
of blood between chambers once they begin to
form (10), and that functional valves do not form
in the zebrafish embryonic heart until 111 hours
post fertilization (10). Thus, the introduction of
rapid confocal microscopy has revealed new infor-
mation about early heart development in normal
embryos and is a promising new way to assess
embryonic heart function in mutant embryos. In
addition, this system is ideal for studying other
fast processes like calcium signaling and the mo-
bility of intracellular molecules (11), providing an
ideal tool for studying both dynamic changes in
morphology and physiology.

Rapid confocal imaging with the LSM 5 LIVE
has also enabled our group to track the trajecto-
ries of individual blood cells moving through the
circulatory system in both zebrafish and mouse
embryos (12); Lucitti, Vadakkan and Dickinson,
unpublished, (Fig 1). Mouse embryos can be re-
moved from the uterine environment and can un-

dergo normal development while on the micro-
scope stage permitting dynamic imaging using
confocal microsopy (13). Previous measurements
of the shear stress exerted by blood flow in early
mouse embryos have been made using a point-
scanning confocal system by scanning rapidly
along a single line across the vessels to both record
the velocity of moving blood cells and measure the
hematocrit (14). This improvement in speed af-
forded by the slit-scanning system makes it possi-
ble to collect a series of full images, providing
information about the number of flowing eryth-
roblasts, their speed and the individual trajecto-
ries of moving cells (Fig. 1). Recently, we have also
shown that the remodeling of yolk sac vessels in
the mouse and the expression of eNOS in embry-
onic vessels is dependent on hemodynamic force
(15), allowing us to begin to understand how en-
dothelial cell signaling is regulated by blood flow
in living embryos.

In addition to rapid confocal microscopy, an-
other method - Selective Plane Illumination Mi-
croscopy (SPIM) — has also emerged as a way to
image cardiac function in zebrafish embryos (16).
In SPIM, a tomographic projection is made by illu-
minating the sample with a sheet of light and col-
lecting fluorescence data orthogonal to the illumi-
nation plane (17). The living sample is embedded
in transparent media and rotated during collec-
tion, allowing it to be imaged from many angles to
produce a 3-d volume rendering. High resolution
images, comparable to those obtained with confo-
cal microscopy, can be obtained without the speed
restrictions imposed by point-scanning systems.
Recently, a second generation SPIM system -
multidirectional SPIM (mSPIM) - has been re-
ported that corrects some of the artifacts created
by absorption and scatter encountered in the orig-
inal SPIM configuration (18). SPIM has been used
to create high resolution 3-d images from fluores-
cently labeled, live Medaka fish larva (17), Dro-
sophila embryos (17) and microtubule asters in
living yeast cells (19) and has recently been used
to analyze cardiac conduction waves in kenh2 mu-
tants, a zebrafish model for long QT syndrome,
providing insights into human arrythmias (16).

Although it is possible to image through the en-
tire heart of developing zebrafish embryos with
high spatial and temporal resolution, limits to the
depth penetration of confocal microscopes make it
difficult to obtain complete 4-d reconstructions of
the embryonic heart in other species that more
closely resemble human development, such as avi-
ans or mammals. The answer to this problem may
be Optical Coherence Tomography (OCT). OCT has
been shown to be an effective tool for imaging
through highly scattering embryos with 5-15 pm
axial resolution over a depth of several millime-
ters (20-22). In OCT, the image is formed by meas-
uring backscattered infrared light from a tissue of
interest within the coherence length of the source
using an interferometer. Since IR light is used,
OCT imaging is not damaging to cells and does not
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Fig. 1: LSM 5 LIVE imaging of
blood flow in an 9.5dpc
Tg(epsilon-globin-GFP) mouse
embryo. (A) Three images ex-
tracted from a 232 ms time se-
quence where images were tak-
en every 4.5ms. The three pan-
els are 10 images apart in the
sequence. Colored dots show
that individual blood cells can
be easily followed from frame
to frame. Each blood cell is
roughly 10 ym in diameter and
the grid spacing in the image is
20 pm for the major gridlines.
The trajectories of all the blood
cells passing through this ves-
sel during the course of the
movie are shown in (B). In (C),
maximum blood cell velocity
(um/sec) was plotted vs the dis-
tance from the center of the
vessel to show that a laminar-
like flow profile is observed.
Cell tracking was performed us-
ing Imaris 5.0.1 (Bitplane A.G.)
and velocity analysis was per-
formed using MatLab R2006a
(MathWorks, Natick, MA).
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require additional contrast agents to resolve struc-
tures at cellular resolution. Rollins and colleagues
have recently used OCT to produce 4-d recon-
structions of the beating, embryonic quail heart
(23). By gating the image collection with a laser
Doppler velocimeter, 4-d images of the looping
heart tube of an embryonic quail heart were made
from 8 distinct phases of the cardiac cycle (23).
Even without the addition of contrast agents, it is
clearly possible to identify the myocardial and en-
docardial layers and the blood cells in these im-
ages, providing enough information to make esti-
mates of volume and output changes. OCT imaging
continues to improve in speed and resolution (24—
26), and with continued emphasis on the develop-
ment of appropriate contrast agents (27, 28), OCT
holds much promise as a tool for imaging many
different aspects of embryonic development.

Quantitative and Functional Analyses of
Gradients that Specify Positional Infor-
mation using Multiphoton Microscopy

Vital, time-lapse analysis using multiphoton or
two-photon laser scanning microscopy (MPLSM or
TPLSM) has become a commonly used tool for
studying embryonic development (29, 30). With
this method, one can achieve spatial resolutions
within the image plane of about a micron, but with
greater depth penetration and less specimen dam-
age than confocal microscopy. These properties
make it possible to make repeated measurements

in live tissue with consistent results. Although
MPLSM has been used for a number of different
applications in developmental biology, two recent
reports have used quantitative MPLSM to quantify
the Bicoid (Bcd) morphogen gradient in early Dro-
sophila embryos (31, 32). It has long been known
that immunostaining for Bed, a homedomain tran-
scription factor, reveals a graded pattern of pro-
tein in the recently fertilized embryo and that Bed
establishes positional information in a concentra-
tion dependant manner (31-35). What has re-
mained a mystery is how the Bed gradient is es-
tablished so quickly after fertilization and how the
gradient is established with such tremendous re-
producibility, despite change in cell division and
variation in embryo size. Using a Bicoid-GFP fu-
sion protein that recapitulates the properties of
endogenous Bced, the authors directly measure the
amount of Bed protein within each nucleus of liv-
ing embryos with MPLSM. They show that the Bed
gradient is initially established very rapidly, de-
spite slow diffusion rates, and levels of Bed in the
nucleus are modulated during the cell cycle, with
Bced moving out of the nucleus during mitosis. But
after each division, the level of Bed returns to a re-
producible level, appropriate for the position of
that nucleus in the gradient, showing only 10%
variation from the level in the previous cell cycle
(32). In a companion paper, the authors go on to
show that Hunchback transcription, a Bed target,
also shows remarkable precision with the same
level of accuracy of 10 % (31). These groundbreak-
ing studies have reported quantitative data, a
morphogen in action and establish the methods




needed to begin to understand how such morpho-
gen gradients are established in living cells to con-
trol positional information and cell fate determi-
nation.

MPLSM first emerged as a point-scanning
method (36), but as discussed above, point scan-
ning can be very slow. Recently, a number of dif-
ferent design configurations for rapid multiphoton
imaging have been developed (reviewed in (37)).
Advances in this area have mostly been motivated
by the need for higher speeds to address various
aspects of neuronal signaling, but it is only a mat-
ter of time before these systems are used for imag-
ing live embryos. Given the example above, where
Bced levels are so rapidly and precisely regulated
to produce the proper gradient, one can easily see
how increased frame rates may be very useful in
elucidating the molecular mechanisms underlying
the Bed gradient.

Dissecting Morphogenetic Movements
with Nonlinear Microscopy

MPLSM is one of several microscopy techniques
that make use of the non-linear events that can be
produced by pulsed, femtosecond IR lasers. An-
other type of non-linear microscopy is also gaining
popularity for imaging developing embryos. Sec-
ond and Third Harmonic Generation (SHG and
THG) microscopy utilizes the frequency up-con-
version that occurs in specific materials exposed
to a high photon flux, producing light at half (SHG)
or a third (TAG) the wavelength. This process, like
multiphoton excitation, depends on the square (or
cube) of the intensity of the incident light, only
producing signal at the focal plane and providing
optical sectioning without a pinhole. In biological
tissues, SHG and THG signal is produced by struc-
tural molecules, like collagen and myosin (38). Be-
cause the process is non-absorptive utilizes infra-
red light and the contrast depends on distribution
of endogenous molecules in the tissue, higher har-
monic generation microscopy (HHGM) is a non-de-
structive method that does not require any added
contrast agent.

HHGM is an effective method to image sub-cellu-
lar structures in live zebrafish embryos with over a

millimeter of penetration, producing little damage
to the embryo and permitting long term time-lapse
imaging (39). THG has also recently been used to
track the movements and trajectories of lipid drop-
lets within Drosophila embryos and other tissues
(40), improving on previous methods that compro-
mised the normal development of the embryo (41).
Lipid containing vesicles undergo dynein-driven
transport prior to gastrulation and are thought to
play an important role in the availability and deliv-
ery of signaling factors (42). The development of vi-
tal tracking methods is a necessary step to under-
stand the role of lipid bodies in developmental
signaling and the control of morphogenesis.

Another study has reported the combined use of
two-photon excitation, third harmonic imaging and
the use of high-repetition rate nanojoule pulses to
perform laser ablations in Drosophila embryos to
investigate the role of mechanical force during
gastrulation (43). Previous studies have suggested
that mechanical force during gastrulation plays a
role in regulating gene hierarchies needed for the
formation of mesoderm-derived tissues such as
muscle (44). To further test this hypothesis, Supatto
and colleagues disrupted gastrulation by ablating
cells in the blastoderm using high-energy femto-
second pulses. Cell movements were tracked quan-
titatively using two-photon and THG microscopy,
showing that morphogenesis was indeed disrupted.
These perturbations led to a down regulation in a
key transcription factor needed for mesoderm de-
velopment in cells distant from the ablated region,
but not adjacent to the ablated region, leading to
the conclusion that transcription is dependent on
local force interactions during gastrulation.

New Probes Bring Exciting Ways to Track
Cells and Elucidate Lineage Relationships

It is probably close to impossible to find a develop-
mental biologist that is not using a green fluores-
cent protein variant in his or her lab to answer
some question about morphogenesis. Fluorescent
proteins (FPs) have revolutionized live embryo im-
aging and have brought a wealth of new tech-
niques to understand lineage relationships in the
embryo. The advent of multiple fluorescent pro-

Fig. 2: Tracking muscle contrac-
tion in 4-d. (A) A single image
from a 4-d reconstruction of a
Tg(cmlc2:egfp) (52) embryo at
26 hpf. Each myocyte can be
identified (B) and tracked over
time (C). As in (12), data were
acquired by A. Forouhar using a
Zeiss LSM 5 LIVE fast confocal
microscope at 151 frames per
second, reconstructed into 3D
volumes via programs written
by M. Liebling, and rendered
using Imaris (Bitplane A.G.).
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tein variants (45) combined with recent develop-
ments in microscopes that permit multispectral
imaging analysis (see [29]) now make it possible to
follow multiple cells at once in a time-lapse exper-
iment, or to image different behaviors, like mitosis
and membrane dynamics, by targeting different
fluorescent proteins to distinct subcellular com-
partments. Some investigators have used 4 (46)
and 5 (47) different fluorescent proteins in a single
embryo preparation, using multispectral imaging
to distinguish each individual FP variant.

In addition to using multiple colors in a single
experiment, photoactivatable fluorescent proteins
(PA-FPs) (48) provide an exciting opportunity to
label whichever cell one chooses, and follow its
fate. A comparison of different PA-FPs was re-
cently carried out in avian embryos to determine
the relative benefits of PAGFP, PSCFP2, KikGR and
Kaede for vital time-lapse imaging (49). One draw-
back to the use of all the PA-FPs tested in this
study was that photoconverted cells were not visi-
ble beyond 48h after conversion, limiting their use
for any long-term analysis of cell fate. In contrast
to this report, Wacker et al have recently shown
that EosFP, a highly stable photoconvertable FP
(50), is stable for 2 weeks after green to red photo-
conversion in Xenopus embryos (51). With effi-
cient protocols in hand for tracing lineage rela-
tionships in the embryo with high-resolution,
optical activation, there are countless new addi-
tions that can be made to current fate maps, fur-
thering our knowledge of how cell diversity is
achieved during embryogenesis.

Conclusion

It is truly an exciting time to be both a micro-
scopist and a developmental biologist. The exam-
ples above clearly show that the developmental bi-
ology community is poised to employ new methods
to study morphogenesis in living embryos. The
ability to record functional changes in rapid proc-
esses, to quantify signaling events and to dissect
the role of physical forces in living, developing an-
imals are offering groundbreaking opportunities

-
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to unlock the mysteries that coordinately regulate
form and function. And it is not just the embryolo-
gists that benefit. The lessons that are learned
from embryos are offering profound insights into
tissue engineering, stem cell therapies, growth
control, cancer and even aging.
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