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Application Example: Long-term non-invasive in vitro imaging
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Live Hela cell expressing Histone 2B-Green fluorescent protein (H2B-GFP) that
was imaged at 10 min interval for ~ 24h.
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Application Example: Non-invasive in vivo imaging in Drosophila Embryos

Richard Parton, Dept. of Biochemistry; Veronica Buckle & Jill Brown, MHU WIMM
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Simultaneous multiview imaging of Drosophila embryonic development (His2Av-GFPS65T transgenic stock). The embryo was recorded at 30-second intervals over a
period of 17 hours, using an image acquisition period of 15 seconds per time point. The data set consists of 1,066,520 high-resolution images (11 terabytes). The video
shows separate maximum-intensity projections of the first and second halves of the fused and background-corrected three-dimensional image stacks, providing dorsal
and ventral views of the developing embryo. To reduce the file size of this video, frames were down-sampled by a factor of 2. Imaging framework: One-photon SiMView.
Detection objectives: 2x Nikon CFI75 LWD 16x/0.80 W. Cameras: 2x Andor Neo sCMOS. Technical note: The occurrence of subtle stripe patterns arises from column
gain variability in first-generation sSCMOS cameras, such as the Andor Neo cameras used in this recording.
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DeltaVision Elite—Live Cell Imaging System

* The DeltaVision Elite is a conventional wide-field fluorescence microscope
that has been optimized for: 1) high-sensitivity imaging in 3D, and 2) long-term
time-lapse imaging of live cells at 37C and 5% CO,.

* This system is equipped with fluorescence filters for imaging e.g. DAPI, CFP,
GFP, YFP, RFP, mCherry, and CY5.



Wide-field Microscopy
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Zeiss 780 Upright Confocal Microscope
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* This Zeiss 780 Upright Confocal is a hybrid conventional laser-scanning confocal and multi-

photon confocal microscope that has been optimized for high-sensitivity multi-color 3D
imaging in thick specimens (t < 500-1000 um)

* This system is equipped with conventional lasers (405, 458, 488, 514, 543, 594, and 633
nm), a tuneable (690-1040 nm) MAI TAI DeepSee laser for multi-photon excitation, and
detectors for imaging in the visible spectrum (400 < A < 700 nm) .



The confocal vs Two-photon microscope
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Two-photon Microscopy of Neuromuscular Junction Endplates
Yu Cheung / Richard Webster / Susan Maxwell /Prof. David Beeson
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Zeiss Cell Observer Spinning Disc Confocal

* The Zeiss Cell Observer spinning disc confocal has been optimized for high-speed,
high-sensitivity, time-lapse CONFOCAL imaging of live cells at 37C and 5% CO,.

* This system is equipped with lasers (405, 458, 488, 514, 561, and 633 nm), CCD
cameras, and emission filters for imaging in the visible spectrum



Spinning Disk Confocal
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Zeiss Z1 Light Sheet Microscope
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Light sheet microscope
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Detectors - PMTs vs CCDs

Standard Quantum Efficiencies of Detector Technologies
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Comparison of Widefield/Deconvolution and Confocal
Microscopy for Three-Dimensional Imaging

Peter ]. Shaw

INTRODUCTION

The biggest limitation inhereat in optical microscopy is its lateral
spatial resolution, which is determined by the wavelength of the
light used and the numerical aperture (NA) of the objective lens.
Another important limitation is the resolution in the direction of
the optical axis, conventionally called 7. which is related to the
depth of field. The presence of a finite aperture gives rise (o unde-
sirable and rather complicated characteristics in the image. In
essence, the depth of field depends on the size of structure or
spatial frequency being imaged. Fine image detail. which is gen-
erally of most interest, has a small depth of field. and only features
within o small distance of the focal plane contribute to the image.
‘On the other hand, large structures — low spatial frequency com-
ponents — have o relatively large depth of field. and contribute to
the detected image seen at distant focal planes. This is very notice-
able in dark-field imaging modes, such as epi-Auorescence, and
means that the fine image detail may be swamped by low resolu-
tion “out-of-focus™ light and thus either lost, or visualized with
very much reduced contrast.

The principle advantape of confocal microscopy for biologi-
«cal imaging is that the optical arrangement has the effect of elim-
inating much of the out-of-focus light from detection, therefore
improving the fidelity of focal sectioning (and hence the three-
dimensional imaging properties), and increasing the contrast of
the fine image detail. But the rejection of the out-of-focus light
necessarily means that a proportion of the light emitted by the
specimen is intentionally excloded from measurement. Al illami-
nation of the specimen has deleterious effects — bleaching of the
fluorochrome or phototoxicity to living cells. These specimen-
dependent factors are the ultimate limitation to the quality of the
image, and inevitably confocal imaging does not detect much of
the emitted light.

An alternative way of removing the out-of-focus light involves
recording images at a series of focal planes wsing a conventional
microscope, often called widefield (WF) to distinguish it from
confocal imaging, and then using a detailed knowledge of the
imaging process to comect for it by computer image processing.
This procedure is called deconvolution, and its application to hio-
logical problems actually preceded the widespread introduction of
biclogical confocal microscopes (Castleman, 1979; Agard and
Sedat, 1983; Agard ef al., 1989). In contrast to confocal imaging,
up to 30% of the total fAuorescent light emitted by the specimen
«can be recorded (i.e.. all the light that can be collected by a single,
high-NA objective). This chapter examines the question: Is it
better to record all the light emitted and process the WF images to

redistribute the out-of-focus light o produce & more accurate three-
dimensional (30} image, or to exclude the out-of-focus light from
measurement in the first place by confiocal optics and then decon-
wolve the confocal data?

THE POINT SPREAD FUNCTION: IMAGING AS
A CONVOLUTION

In order to derive a soundly based description of the degradation
introduced by an optical microscope, especially if any attempt is
to be made to reverse this degradation. it is necessary to be able
to describe the relation between the specimen and its optical image
in mathematical terms. W shall give here a very condensed expla-
nation — the interested reader is referred elsewhere for more rig-
orous mathematical denivations (Agard of al, 1989; Shaw, 1993;
Young, 1989; and Chapters 20, 21, 22, 24, and 25, thiz volume).
Within some quite general limitations, the object (specimen) and
image are related by an operation known as convolation. In a con-
volution, each point of the object is replaced by a blurred image
«of the point having a relative brightness proportional to that of the
object point. The final image is the sum of all these blurred point
images. The way each individual point is blumred is described by
the point spread function (PSF), which is simply the image of a
single point. This is illustrated disgrammatically in Figure 23.1.
The conditions that must be met for an imaging process o be
described as a convolution are that it shoald be linear and shift
invariant (Young, 1989). Imagine cutiing the specimen into two
parts and imaging each part separately with the microscope. If
adding these two subimages together produces the same result as
imaging the whole specimen, and does this irrespactive of how the
specimen is cut up, then the imaging is said to be linear. If the
imaging is indeed linear, then the specimen can be imagined cut
up into smaller and smaller pieces, until the size of each piece is
well below the resolution limit, and can be considered to be simply
a point. The image is then the sum of the images of each of the
points, each multiplied by a function corresponding to the amount
«of light coming from that point. The multiplication and summing
is represented mathematically by an operation called convolution.
Shift invariance simply means that the imaging characteristics and
thus the PSF are the same over the whole field of view, and
knowing one PSF is enough to characterize the imaging properties
«of the microscope. ( Agard e al, 1989; Shaw and Rawlins, 1991a).
Although imaging modes such as phase contrast and differen-
tial interference contrast (DIC) are not linear, bacanse their con-
trast depends on differences of refractive index within the object,

Puter | Shaw » John Innes Centre, Colney, Morwich MR4 7UH, United Kingdom

Handbook of Bivlogical Confocal Micrscopy, thisd edition, edited by James B. Pawley, SpringerScience+Business Media, New York, 2006, 253

TABLE 23.1. Summary of Pros and Cons of 30 Microscopy Methods

Wide-Field Deconvolution Single Spot Confocal Scanning-1Disk Coafocal Two-Photon
Efective detector QE. &0 B0 (OO 30 12% (PMT) G BME (0T 30 12% (PMT)
Dedector noise (rms afpizel) 412 <l 412 (=] For EM-OCIN) <l
Peak signal (pholons/pixel) =30 00 2010 -5l 20100
Aaquisition Eme (siframe) Depends on CCD 0.2-10 Depends on CCTD 1.2-10
readout (=0.05) reackoul (=05}
Peak excitation intensitym® 100w ImW 1w 0%

Excitation wavelengths

Hg anc 350-650nm

Available loser lines

Availshle laser lines

Ti:Sa HH-2Mnm
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Light-sheet fluorescence microscopy for quantitative

biology

Ernst H K Stelzer

In light sheet-based fluorescence microscopy (LSFM), optical sectioning in the excitation process
minimizes fluorophore bleaching and phototoxic effects. Because biological specimens survive long-term
three-dimensional imaging at high spatiotemporal resolution, LSFM has become the tool of choice in

developmental biology.

Although transmitted light microscopy
provides a view of the morphology of
a specimen, the ability to tag specific
organs, organelles or macromolecules with
fluorophores allows one to localize well-
defined subsets of targets in the specimen.
Fluorescence microscopy images have high
contrast, showing bright targets on a dark
background.

In conventional wide-field and confocal
epiflunrescence microscopes, the same lens
is used for the excitation of the fluorophore
and the collection of the emitted fluores-
cence. The excitation light passes through
the specimen and, assuming uniform fluo-
rophore distribution, excites the same num-
ber of fluorophores in each focal plane along
its optical axis. Therefore, whenever an epi-
fluorescence microscope focuses on a plane
along its optical axis, it actually excites all
the fluorophores in a specimen, including
those above and below the focal plane.

The optical sectioning capability of a
confocal fluorescence microscope is based
on discrimination against the out-of-focus
fluorescence light by a pinhole in an image
plane in front of the intensity detector. The
excitation of a fluorophore and the detec-
tion of a fluorescence photon are indepen-
dent events. Although the excitation inten-
sity is conserved along the optical axis, the
fluorescence emission intensity, which is

Ernst HLE. Stelzer is at the Buchmann Instibate

for Molecular Life Sdences, Fachbereich
Lebenswissenschaften (FBIS, IZN), Goethe
Uniwersitst Frankfurt am Main, Frankdfart am Main,
Germany.

e-mail: ernst stelrer@physikalischebinlogie de

Figure 1 | Basic optical arangement in LSFM.

In contrast to an epifluprescence arangement,
L5FM uses at least two independently operated
lenses. The lenses used for fluorphore excitation
are arranged at a 907 angle relative to those
used for detection. Only 2 thin planar section in
the spacimen centered on the focal planes of the
detection lenses is illuminated. The specimen is
maintained in a close-to-natural 30 state.

proportional to the square of the excitation
intensity, is not; it actually has a maximum
in the focal plane. Only optical instruments
whose fluorescence intensity detection
depends on the product of two independent
events have this property of optical section-
ing and thus an axial resolution’. In other
wards, wide-field flunrescence microscopes
have no axial resolution.

To make matters worse, fluorescence
microscopy has several basic limitations.
First, the excitation light is absorbed not
only by fluorophores but also by many
endogenous organic compounds, which

are degraded much like ﬂuomphmes3 and
thus are unavailable for vital metabolic pro-
cesses. Second, the number of fluorophores
in any volume element at any given time is
finite, and fluorophores can degrade upon
excitation. As a consequence, the number
of photons that can be retrieved from a
fluorophore-labeled specimen is limited.
Finally, life on Earth 1s adapted to the
solar flux, which is less than 1.4 kW/m2,
This might not be a hard limat, but it indi-
cates that irradiance should not exceed
1 nW|f|.u:r.|] = 100 mW/cm? when dynamic
binlogical processes are ohserved (Box 1).

In foto, as long as we rely on epifluores-
cence microscopes, we are faced with two
serious challenges. First, both fluorophores
and specimens are essentially wasted during
the observation process; second, all fluoro-
phores and many endogenous organic com-
pounds in the specimen are excited when-
ever we record a single plane. Obviously,
the situation becomes even more challeng-
ing when we perform complex biological
expeniments and observe the behavior of
multiple targets in three dimensions as a
function of time.

For imaging living biological samples,
these challenges must be addressed.
LSFM* is perhaps the best technique we
have so far with which to make a sincere
and honest effort: it provides optical sec-
tioning and a true axial resolution, reduces
fluorophore bleaching and phototoxicity
at almost any scale, allows one to record
millions of pixels in parallel and dramati-
cally improves the viability of the speci-
men (Table 1).
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BOX 1 PHOTOTOXICITY IN LIVE-SAMPLE IMAGING.

To how much light can one expose a biological specimen? There 1= no general answer,
but all those who have worked with fluorescence and even transmission hight
microscopy are aware of the negative effects of 1llumination on the wiabiity of 2
specimen. There are some generzl findings: (1) phototoxc effects are more obvious
at lower rather than at higher wavelengths, (1) the presence of fluorophores has
a dramatic negative impact?® and (i) both low intensity and low energy of the
illumination light are desirable. Assuming that many organic molecules will absorh the
excitation light without fluorescing but will still degrade, it is probably safe to suggest
that any imaging of bve speamens should be performed at a level that avwoids even
moderate fluorophore bleaching.

A hint might be provided by the solar constant, which is around 1.4 kW/m* at the
equator and arcund 1 kW/m® in central Europe. In microscopic terms, this is about
1 oW/ um? or 100 mW/cm?. Hence, one can calculate that the maximal radiant
exposure should be around 0.5 pd/um? and infer that cells and small model embryos
should not be exposed to more than a few millijoules and a few hundred millijoules,
respectively. Very few microscopes can operate at these low levels, 1.e., in the single
gsun’ reqime. The hght sheet-based fluorescence microscope 1s one of them. Confocal
fluorescence and super-resolution microscopes usually operate in a ‘multiple-suns
reqime. This may pose a substantial problem for bive-specimen imaging.

Splar constant at equator 1,366 W/m® = 1,366 J/s-m*
Splar constant in central Europe = 1 kW/m?

Microscopy relevant umits = 1 nWfum® = 100 mW/cm?
Energy density within 600 & = 0.6 wl fum?

Cell diameter of 100 wm = {0.3 5 or 10 min}
Embrye diameter of 900 um = (0.3 5 or 10 min}

= 2.4 wl ar 4.8 mJ
= 190w or 380 mJ
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Light Dose is a Limiting Factor to Maintain Cell Viability in
Fluorescence Microscopy and Single Molecule Detection
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Abstract: A test system for cell viability based on colony formation has been established
and applied to high resolution fluorescence microscopy and single molecule detection.
Living cells were irradiated either by epi-illumination or by total internal reflection (TIR)
of a laser beam, and light doses where at least 90% of irradiated cells survived were
determined. These light doses were in the range of a few Jem® up to about 200 Jem?
depending on the wavelength of illumination as well as on the presence or absence of a
fluorescent dye (e.g., the membrane marker laurdan). In general. cells were less sensitive to
TIR than to epi-illumination. However. comparably high light doses needed for repetitive
excitation of single molecules limit the application of super-resolution microscopy to

living cells.

Keywords: cell viability: light dose: fluorescence microscopy: TIR: single molecules




Figure 3. Percentage of colony formation (“plating efficiency™) of single non-incubated
U373-MG glioblastoma cells upon exposure to different excitation wavelengths and light
doses. Values represent medians + MADs. The plating efficiency at 0 J/em? is defined as

100% cell survival.
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Two-photon Microscopy is superior for thick specimen
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Advances in multiphoton microscopy for imaging embryos
Willy Supatto’, Thai V Truong®, Delphine Débarre’ and

Emmanuel Beaurepaire'

Multiphoton imaging is & promising approach for addressing
cument issues in systems biology and high-content
investigation of embryonic development. Recent advances in
multiphoton microscopy, including light-shest illumin ation,
optimized laser scanning, adapthe and label-free strategies,
open new opportunities for embryo imaging. However, the
litersture is often unclear shout which microscopy techniqueis
most adapted for achieving spedific experimental goals. Inthis
review, we describe and discuss the key concepts of imaging
speed, imaging depth, photodamage, and nonlinear contrast
mechanizms in the context of recent advances in live embryo
imaging. We illustrate the potentisls of these new imaging
approaches with a selection of recent applications in
developmentsl biology.
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Introduction

From a microscopy perspective, live embryos present
uniquely challenging characteristics compared w other
biological samples. Embryos are smaller than 1 mm, at
least during early developmental smges, making them
accessible for three-dimensional (31) imaging with light
microscopy. However, thev ovpically have an ellipsoidal
shape and their inner stucmre is inhomogeneous and
constantly changing. In addition, embryos are sensitive o
manipulation and photodamage, and their labeling can
be difficult. These properties challenge the performance
of microscopy techniques in terms of imaging depth,
imaging speed, photodamage and contmst. Since its
intmduction in 1990 [1], 2-photon excited fluorescence
{ZPEF) micmscopy has proven to be the most effective
approach for deep tissue fluorescence microscopy (Box 1)

It has found many applications in neumscience [2-3] and
more recently in other fields, such as in immunology [4].
Multiphoton (or nonlinear) imaging is arractive also for
embryo imaging and in recent vears has been applied to
an increasing number of published stdies in develop-
mentl biology using varions model systems, such as fruic
fiv [5-8], quail [9], zebrafish [10], or mouse embryos [11-
12]. Mult photon imaging is also promising for add ressing
cument issues in systems biology and high-content exper-
imental investigaton of embryonic development [13]
requiring novel methods for faster and deeper imaging
of embryos with bemer contrast and resoludon. In this
review we analvee the pammeters limitdng imaging speed
and depth in the currenty available imaging modalities,
and we discuss promising recent advances in multiphoton
microscopy of live embryos, including light-sheet exci-
ration and label-free imaging.

Fast imaging of live embryos with multiphoton
light-sheet microscopy

Imaging developmental processes often requires time-
lapse 3D-image acquisitions (41 imaging). The imaging
speed of a micmscope can be defined by its pixel (or
voxel) rate, that is, the number of pixels per unit o me that
can be obtained with sufficient signal and conrasc Ahigh
pixel rate permits capturing with adequate tme resol-
ution fast processes such as heart development (50-130
frames per second (fps) in Refs. [14,15,16%]), cilia beating
(900 fps in Ref. [17]) or fluid flow in developing embryos
(44 fps in Ref. [18]). A high pixel rate is also required to
smdy slower large-scale processes such as collective cell
migration or cell division patterns with a large number of
pixels per image w reach the appmopriate spatal resol-
ution: for instance, in fofe imaging of carly development
[16%%,19-20] rypically requires acquinng ~100 million
voxels per 3D-image stack in less than a minure.

In this context, pointscanning confocal or multiphoton
approaches are usually too slow, as the image is recorded
one pixelata time (Figure 1). Indeed, in these approaches
signal level prescibes pixel accumulation times of tvpi-
cally 1-10 ps, comesponding to pixel rates of only 10°-
10° pixels s~

Several approaches have been explored during the last 15
wears to improve the imaging speed of muld photon micro-
scopy up to ~107 pixels s ', including fast point-scanning
and multifocal approaches (Figure 1, Tables 1and 2, and
[21] for a review). However, besides hardware limitations
(i.e. scanningspeed, readout dme, dam mansfer or scorage)

Current Opinion in Genetice & Development 2011, 21:538-548
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Quantitative high-speed imaging of entire developing
embryos with simultaneous multiview light-sheet

microscopy

Raju Tomer, Khaled Khairy, Fernando Amat & Philipp | Keller

Live imaging of large biological specimens is fundamentally
limited by the short optical penetration depth of light
microscopes. To maximize physical coverage, we developed

the SiMView technology framework for high-speed in vive
imaging, which records multiple views of the spacimen
simultaneously. 5iMView consists of a light-sheet microscope
with four synchronized optical arms, real-time electromics for
long-term sCMOS-based image acquisition at 175 million voxels
per second, and computational medules for high-threughput
image registration, segmentation, tracking and real-time
management of the terabytes of multiview data recorded per
specimen. We developed one-photon and multiphoton SiMView
implementations and recorded cellular dynamics in entire
Drosaphila melanogaster embryos with 30-s temporal resclution
throughout development. We furthermore performed high-
resolution long-term imaging of the developing nervous system
and followed neuroblast cell ineages in vivo. SiMView data sets
provide quantitative morphological information even for fast
global processes and enable accurate automated cell tracking in
the entire early embryo.

Understanding the development and function of complex bio-
logical systems relies on our ability to record and quantify fast
spatiotemparal dynamics on a microscopic scale. Owing to the
fundamental trade-off between spatial resolution, temporal
resolution and photodamage, the practical approach in biologi-
cal live imaging has been to reduce the observation of large sys-
tems to small functional subunits and to study these one at a
time. Although this strategy has advanced our knowledge in past
decades, holistic approaches are now required to visualize and
analyze complex systems, such as developing embryos, in their
entirety: the ability to resolve the spatiotemporal dynamics of
biological processes on a systems level is indispensable for under-
standing the morphological development of complex tissues'?
and entire organisms™’, the global analysis of gene expression
patterns®£, the systematic dissection of functional relationships
in the developmental building plan™®, and the implementation
of high-throughput aﬂppmaches to automated screening® and
cellular phenotyping™.

Light-sheet microscopy techniques are evolving into essential
tools for the in vivo study of biological structure and function at
a systems level!!-13, They are based on the simple yet effective
idea of illuminating a specimen with a thin sheet of laser light
and recording orthogonally the fluorescence emitted from this
thin volume. Only the in-focus part of the specimen is exposed
to laser light, which provides optical sectioning and substantially
reduces photodamage. Moreover, the fluorescence signal emitted
from the in-focus section is detected in parallel for the entire field
of view, which provides high imaging speeds. In comparison to
confocal microscopy, the most commaonly used optical sectioning
technique, light-sheet microscopy offers faster imaging, higher
signal-to-noise ratio and lower photo-bleaching rates by up to
several orders of magnitude!®. Advances in the past few years
have led to enhanced spatial'® and temporal resolution as well
as breakthroughs in the conceptual design and complexity of live
imaging e‘xperimems‘.

However, the optical penetration depth in light-sheet
microscopes is fundamentally limited by light scattering: light
microscopy in general does not penetrate more than several
tens to hundreds of microns of living tissue, which precludes
systems-level imaging in many biological model organisms®.
Although penetration can be increased by nonlinear excita-
tion15.18.19  this practical limitation persists because neither
one-photon nor multiphoton light-sheet microscopes allow
imaging of large multicellular organisms in their entirety from
a single view™!?,

This limitation is partially overcome by sequential multiview
imaging, in which the sample is rotated and image stacks are
sequentially acquired from multiple view angles®19-22, Sequential
multiview imaging is generally suitable for fived specimens, but
it is inherently slow and thus fails to capture fast processes in live
specimens. In live multicellular organisms, fast developmental
processes can occur between the sequential multiview acquisi-
tions and prevent accurate image fusion of the acquired data.
The resulting spatiotempaoral artifacts constrain quantitative
analyses such as the reconstruction of cell tracks and cell mor-
phologies. For global measurements of the dynamic behavior
and structural changes of all cells in a developing organism, data
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Simultaneous multiview imaging of Drosophila embryonic development (His2Av-GFPS65T transgenic stock). The embryo was recorded at 30-second intervals over a
period of 17 hours, using an image acquisition period of 15 seconds per time point. The data set consists of 1,066,520 high-resolution images (11 terabytes). The video
shows separate maximum-intensity projections of the first and second halves of the fused and background-corrected three-dimensional image stacks, providing dorsal
and ventral views of the developing embryo. To reduce the file size of this video, frames were down-sampled by a factor of 2. Imaging framework: One-photon SiMView.
Detection objectives: 2x Nikon CFI75 LWD 16x/0.80 W. Cameras: 2x Andor Neo sCMOS. Technical note: The occurrence of subtle stripe patterns arises from column
gain variability in first-generation sSCMOS cameras, such as the Andor Neo cameras used in this recording.
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Cell Lineage Reconstruction of Early
Zebrafish Embryos Using Label-Free
Nonlinear Microscopy

Nicolas Olivier,'* Miguel A Luenge-Oroz,>* Louise Duloguin,®* Emmanuel Faure,* Thierry Savy,*
Israé 1 Veillews, Xavier Solinas,” Delphine Débarre, Paul Bourgine, ** Andrés Santos,”

Nadine Peyriéras ™+ Emmanuel Beaurepaire't

Quantifying cell behaviors in animal early embryogenesis remains a challenging Bsve requiring
in toto imaging and automated image analysis. We designed a framework for imaging and
reconstructing unstained whole zebrafish embryos for their first 10 cell division cycles and report
measurements aleng the cell lineage with micrometer spatial resolution and minute tempo ral
accurady. Point-<canning multiphoton excitation optimized to preferentially probe the innermost
regions of the embryo provided intrinsic signaks highlighting all mitetic spindles and cell
boundaries. Automated image analysis revealed the phenomenclogy of cell proliferation.
Blasgtomeres comtinuously drift out of synchrony. After the 32-cell stage, the cell cycle lengthens
according to cell radial posttion, leading to apparent division waves. Progressive amplification

of this process is the rule, contrasting with classical descriptions of abrupt changes in the

system dynamics.

Ithough classical developmental biology

& chamctenzed by qualitative descrip-

fions, mecent work un derlines the require-
ments for precise messurements i cnable fommal
reoonsrction integrating the genctic, maolecular,
and cellular kevels of arganization {/-7). The op-
timization of microscopy imag ing echniquesand
improved dat algorithmic procesing arc key
issues insuch reconstructions, Pamllelized near
microscopy such as light-sheet fuonescence mi-
croscopy provides fast imaging but suffers from
loss of information with depth (). Point-scanning
wo-photon microscopy provides desper imaging
() but exhibits slower frame mie, compromising
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antomated mdividual cell tracking in whaole orga-
nisms (). Furtharmore, the usual implamentation
of these two paradigms docs not allow homo ge-
moeones il hmmimation 'n:phu'iesl s.maplc.i leading
o a diffieult madeoft betwreen the dection of
deep strucnures and illumination-induced pertur-
hation in outer layers. Fnally, relying on flue-
mscont smming of biological suchmes brings
additional artifacts and limitations. Exploiting the
mirinsic optical nonlnear properties of the sam-
ple is a valuabk, alfhough challenging, alter-
native. Second-harmonic generation (SHG) is
obmined flom dense noncentrosymmetic struc-
tures asch as onenied micmombule asemblies (79,
mcluding mitotic spmdles (#, J0). Third-harmonic
generation (THU) is obmined from optical hetero-
geneities (1 }—such 2= the mterface between an
aqueous medum and a lipidic, mincrabized, or ab-
sorhing structure | 1 2}—and allows momphologi-
cal imaging of small organisms (0, /7).

Here, weshon that combining SHC and THG
magmng of unlabeled embryos with 2 scanming
scheme maiching embryo momphology provides

three-dimensional (30) maging owver
time for the miomated reconstuction of cell be-
havior during zebrafish embryo cleavage stages
(14). Ad hoc image analysi stmegies for cell
pasition, division, and shape identification were
used to produce acomplete and validated lineage

tree fora cohortofsx zehrafish embryos until the
1000-cell stage, annotated with mine-level divie
=ion tming, micromctar-acouracy coll coordmates,
andshape characterstics, These data provided a
like division cycles and alkrared the construction
of a promtypic digital blastula The cycle dura-
tion of sister cells exhibited variability that did not
comelie with cell vohime, revealing unexpecied
cell divison asynchrony and asymmetry from the:
first division cyeles and leading to mereasing cell
hetemgeneity by the tme of midblastula ransition
(MBT) (14).

An appropriate image acquisition scheme was
devised to provide high-resohurion time-lapse imag-
g of infringic SHG and THG agnak (Fig. 1 and
supporting online matenial). Excitation in the
1.2-pm mange reduced nonlnear endogenous ah-
sorption by the sample and alkwed smul@ancous
two-photon—excited fluorescence (2PEF) imag-
ing of red fluorescent proteins (Fig. 1, B and C)
for contro ]| experiments. When imaging a spheri-
cal embryo, scattering and abermations typicalty
result in reduced signal af the center of each plane
(Fig. 1E). We therefore scanned each plane of a
half-sphere along a spiral ajoctory with vanablc
speed to spend more time imaging the inmemmnost
cells (Fig. 1, D to F, and fig. $1). This conformal
strategy provided optimal acquisition time and
minimal photoperurhation (fig. 52). SHG and
THY signals were co-optimized by using mtating
lincar meidont polarzation. In addition, because
TH(: contrast from a ffic structure
onits size relative i the focal volume (15), mod-
erate focusing (3. 5m F-resolution) was used
highlight cell interface compared with smaller
subeellular strucures (Fig. 20).

Combining the conformal scanning scheme
described above, sensitive detection, nfrared ex-
citation wavelength, and appropriate focusing and
polarization conditions allowed homogenous de-
fwchion of miiotic spindkes and ocll and tissuc phe-
notypic faatiras in the whole unlbeled mebmafish
embryo during cleavage stages. The blastoderm
was contained n a half sphere of 440-ym madius
maged with a temporal resolution of B s and a
volumetnic pixel 9ze of 2 by 2 by 4 pm, suitable
for further autormated reconstruction of the cell
lincage mee

The intrmsc TH signal revealed a number
of structhures and dynamic processes (Fig. 2, A o
1, and movies 51 to 56) and highlighted cell
comtours even better than membrane stming by
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Algorithmic detection of mitotic spindles from SHG images



Other Practical Considerations

- Temperature

* pH (Phenol Red)

« Humidity

* Auto-fluorescence (NADH, FAD, ...)
* Photo-toxicity

« Coverslip thickness (# 1 ¥2)

* Non-invasive labeling



Environmental Variables for Mammalian Cell Lines

Variable

Optimum Range

Comments

Temperature

28-37°C

Control with Specimen Chamber
Heaters
Use Inline Perfusion Heaters
Objective Lens Heaters
Environmental Control Boxes

Oxygenation

Variable

Perfuse or Change Media Regularly
Use Large Chamber Volume

Humidity

97-100 Percent

Closed (Sealed) Chamber
Humidified Environmental
Chamber
Auto-Fill System for Open
Chambers

7.0-7.7

Use HEPES Buffered Media
Perfuse or Change Media Regularly
No Phenol Red Indicator

Osmolarity

260-320 mosM

Avoid Evaporation
Closed (Sealed) Chamber
Humidified Environmental
Chamber

Atmosphere

Air or 5-7 Percent
Carbon Dioxide

Use HEPES Buffered Media for Air
Closed (Sealed) Chamber
Atmosphere Controlled Chamber

Media Buffer

Bicarbonate or
Synthetic Biological Buffers

Beware of Phototoxicity
Closed and Open Chambers
Atmosphere Controlled Chamber

http://www.microscopyu.com/articles/livecellimaging/livecellmaintenance.html
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Effects of the type of medium and the presence or absence of CO2 on cell proliferation.

CO2
withdrawal
0 hours 20 hours 36 hours L 45 hours

Complete
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Serum-free
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Complete medium
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CO»
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600 -=- Complete medium ]
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8

Time (hours)

Frigault M M et al. J Cell Sci 2009;122:753-767 Joumal of
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Phenol Red free media

A\ Opti-MEM® | Reduced-Serum Medium is an
%/‘/," improved Minimal Essential Medium (MEM)

| that allows for a reduction of Fetal Bovine
Serum supplementation by at least 50% with
no change in cell growth rate or morphology.
Opti-MEM® | medium is also recommended for
use with cationic lipid transfection reagents,
such as Lipofectamine™ reagent. Opti-MEM® |
medium can be used with a variety of
suspension and adherent mammalian cells,
including Sp2, AE-1, CHO, BHK-21, HEK, and
primary fibroblasts.



http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Cell-Culture/Mammalian-Cell-Culture/fbs.html

Live Cell Imaging Buffer

A recipe for a HEPES buffered imaging medium (Brown et al. 2000
Traffic 1:124-140)

Imaging Medium Stock (5x) pH 7.4
750 mM NaCl

100 mM HEPES

5 mM CaCl2

25 mM KCl

5 mM MgCl2

Use at 1x. On day of use add 95 mg glucose and 95 mg albumin to
50 ml of medium. Warm to 37°C. Keep cells in incubator in their
usual medium until immediately before imaging. When ready to
image, remove their usual medium and replace it with imaging
medium.

Cells can normally be kept on the stage in this medium for 30-60
min.
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The Fluorescent Protein Palate

http://www.tsienlab.ucsd.edu/Images.htm



EGFP-Fusion proteins

Jarvik JW, Fisher GW, Shi C, Hennen L, Hauser C, Adler S, Berget PB.
In vivo functional proteomics: Mammalian genome annotation using CD-tagging.
BioTechniques 2002; 33: 852-866.



