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ABSTRACT

The zebrafish Danio rerio has emerged as a powerful vertebrate model system that lends itself particularly
well to quantitative investigations with live imaging approaches, owing to its exceptionally high optical
clarity in embryonic and larval stages. Recent advances in light microscopy technology enable compre-
hensive analyses of cellular dynamics during zebrafish embryonic development, systematic mapping of
gene expression dynamics, quantitative reconstruction of mutant phenotypes and the system-level bio-
physical study of morphogenesis.

Despite these technical breakthroughs, it remains challenging to design and implement experiments
for in vivo long-term imaging at high spatio-temporal resolution. This article discusses the fundamental
challenges in zebrafish long-term live imaging, provides experimental protocols and highlights key prop-
erties and capabilities of advanced fluorescence microscopes. The article focuses in particular on exper-
imental assays based on light sheet-based fluorescence microscopy, an emerging imaging technology that
achieves exceptionally high imaging speeds and excellent signal-to-noise ratios, while minimizing light-
induced damage to the specimen. This unique combination of capabilities makes light sheet microscopy

an indispensable tool for the in vivo long-term imaging of large developing organisms.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The ability to acquire and quantitatively analyze light micros-
copy data of living biological organisms is crucial in many areas
of the life sciences. However, live imaging of large multicellular
specimens is fundamentally constrained by the limited optical
penetration depth of light microscopy. In many model systems,
light scattering and light absorption obscure the view of the inside
of the specimen and preclude functional imaging or the live obser-
vation of developmental processes. Zebrafish embryos and larvae,
which are highly transparent, are a remarkable exception. They of-
fer the exciting opportunity to study development and function in
a highly complex vertebrate model system by live imaging.

By using standard light microscopy techniques, detailed mor-
phogenetic information can be obtained on the cellular and sub-
cellular levels in a completely non-invasive manner [1]. By using
advanced imaging approaches optimized for high-speed long-term
imaging, it is even possible to study highly dynamic morphological
processes over long periods of time and from the whole-embryo
perspective, to obtain comprehensive gene expression atlases with
high spatio-temporal resolution, to follow the formation of mor-
phological defects in mutants, to reconstruct the dynamic building
plans of entire organs and tissues, and to assess the level of mor-
phogenetic variability between different embryos [2,3].
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2. Challenges in long-term live imaging experiments

Several conflicting requirements need to be balanced in in vivo
imaging applications. It is often desirable to achieve high imaging
speed, low photo-bleaching and photo-toxicity, good three-dimen-
sional resolution, high signal-to-noise ratio and excellent physical
coverage at the same time. The latter aspect is particularly difficult
to realize for large biological specimens, since limitations in optical
penetration depth usually make it impossible to extract compre-
hensive information of the sample from a single view.

Some forms of light microscopy provide good overall
performance, whereas others excel in one area by trading off
performance in other areas. Conventional wide-field fluorescence
microscopes provide high imaging speed and a good signal-
to-noise ratio, but lack optical sectioning capability and are
therefore unsuited for three-dimensional imaging. Point-scanning
confocal fluorescence microscopes provide good spatial resolution
and the intrinsic capability to eliminate scattered light [4], but
perform poorly with respect to imaging speed, signal-to-noise
ratio, photo-bleaching/toxicity and penetration depth. Point-
scanning two-photon microscopes improve over confocal
fluorescence microscopes with respect to penetration depth and
usually also photo-bleaching/toxicity [5,6], but further reduce
signal-to-noise ratio and imaging speed. Spinning disk confocal
microscopes provide higher imaging speed than (single)
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point-scanning confocal fluorescence microscopes [7], but reduce
spatial resolution.

To address the limitations arising from the intrinsic perfor-
mance trade-offs encountered in conventional light microscopy
techniques, new light sheet-based fluorescence microscopy tech-
niques have been developed over the course of the past decade.
Light sheet-based fluorescence microscopy, which will be dis-
cussed in Section 3, provides a particularly powerful approach to
biological live imaging. Such microscopes combine intrinsic optical
sectioning capability with high imaging speeds, good signal-to-
noise ratio and low light exposure of the specimen [8-11].

A particular strength of this unique combination of capabilities
is the possibility to study embryonic development on the system
level while preserving the ability to follow cellular processes at
the high spatio-temporal resolution required for global cell track-
ing [3]. For example, the reconstruction of zebrafish embryogenesis
during the first 24 h of development requires the simultaneous
tracking of several tens of thousands of cells, e.g. by fast long-term
imaging of a nuclear fluorescent marker expressed in all cells [2].
High spatio-temporal resolution, low photo-bleaching rates, and
an excellent signal-to-noise ratio are crucial. A volume of
~1 mm?® must be recorded approximately once per minute to keep
track of cell identities, since cells move in average several microm-
eter per minute. In order to reliably detect all nuclei, good spatial
resolution and axial sampling are necessary, which requires
acquiring several hundred images at each time point to achieve full
coverage of the embryo. Overall, the observation must thus be per-
formed at a continuous imaging speed of at least 10 million volume
elements (voxels) per second, which is approximately one order of
magnitude faster than the typical acquisition speed of conven-
tional point-scanning confocal or two-photon microscopes [2]. At
the same time, a high dynamic range is required to address the
varying expression levels of genetically encoded markers and sig-
nal heterogeneity due to signal degradation with increasing imag-
ing depth into the embryo. The embryo’s central yolk cell is opaque
at visible wavelengths and imaging along multiple directions (pro-
viding a set of complementary views of the embryo) is needed to
capture the development of the entire embryo. Finally, photo-
bleaching and photo-toxicity [12] must be minimized to ensure
the physiological development of the embryo [2].

Point-scanning confocal fluorescence microscopy is still the stan-
dard imaging technology used in most labs, and advanced light sheet
fluorescence microscopy technology has become commercially
available only very recently. However, the latter method provides
a number of key advantages, which are of particular importance in
long-term live imaging experiments. A comparison of both tech-
niques is therefore provided in Section 4, which summarizes and ex-
pands on a previous discussion of these methods [34]. Two-photon
fluorescence microscopy is not discussed as a separate method in
this comparison, since two-photon excitation can effectively be
implemented in both imaging techniques mentioned above [13-15].

3. Light sheet microscopy
3.1. Introduction to light sheet microscopy

Conventional and cofocal epi-fluorescence microscopes employ
the same lens for fluorescence excitation and detection. In contrast,
light sheet microscopes rely on the principle of sample illumina-
tion with a planar light sheet perpendicular to the axis of fluores-
cence detection (Fig. 1A) [16-18]. The light sheet is coplanar with
the focal plane of the fluorescence detection system. This approach
directly provides optical sectioning: Fluorophores are only excited
in the illuminated plane and thus photo-bleaching and other types
of photo-induced damage are avoided outside the thin volume of
interest. This circumstance gives light sheet microscopes a decisive

advantage in the fast imaging of sensitive biological specimens as
well as in in vivo imaging over long periods of time [2,15,18-21].

Light sheet microscopes are furthermore particularly well sui-
ted for “multi-view imaging”, which refers to the strategy of
observing the same specimen along multiple different directions.
Thereby, parts of the specimen become visible that would other-
wise be hidden or obscured in the observation along a single direc-
tion [22]. The next two sections discuss the building blocks of a
basic light sheet-based microscope [2], which is particularly cost-
efficient yet very effective, as well as an advanced light sheet
microscope for simultaneous multi-view imaging [15], which pro-
vides excellent physical coverage even of very large biological
specimens.

3.2. Basic implementation of scanned light sheet microscopy

Different approaches have been developed to facilitate light
sheet illumination, including the use of cylindrical optics to focus
a Gaussian laser beam into a sheet of light [17,18] and fast laser-
scanning of a laser beam that enters the specimen chamber from
the side [2]. In scanned light sheet microscopy (DSLM), a “light
sheet” is generated with a laser scanner that rapidly moves a
micrometer-thin beam of laser light vertically through the speci-
men (Fig. 1A) [2]. The specimen is positioned in front of a second
lens, the lens for fluorescence detection, and typically embedded
in an aqueous gel [18] or in a transparent plastic compartment
[19,23].

The basic DSLM implementation is shown in Fig. 1B. The DSLM
illumination system comprises a multi-line argon-krypton laser
(Melles Griot, 35 LTL 835-230), an acousto-optical tunable filter
for laser wavelength selection and intensity control (AA Opto-Elec-
tronic, AA.AOTF.nC-400-650 nm-PV-TN), a two-axis high-speed
scan head (GSI Lumonics, VM500+), an f-theta lens (Sill Optics,
S4LFT0061/065*) and a low-NA illumination objective lens (Carl
Zeiss, Plan-Apochromat 5 x/0.16) operated with a regular tube lens.
The illumination/excitation objective lens is mounted on a piezo
nanofocus (Physik Instrumente, P-725.CLQ), which can move the
lens by up to 400 um along its optical axis [2].

The DSLM detection system can take advantage of several
detection objective lenses (in particular Carl Zeiss C-Apochromat
10x/0.45W and Plan-Apochromat 20x/1.0W for zebrafish
whole-embryo imaging) mounted on a second independently
operated piezo nano-focus, a filter wheel (Ludl) with exchangeable
long-pass filters (Semrock, RazorEdge RU 488 LP, RU 568 LP and RU
647 LP) and a detection tube, equipped with a tube lens and a CCD
camera (PCO, pco.2000) [2].

3.3. Advanced implementation of light sheet microscopy for
simultaneous multi-view imaging

The SiMView light sheet microscopy platform provides excep-
tionally high imaging speeds and allows simultaneous acquisition
of four complementary views of the specimen for optimal physical
coverage [15]. In order to realize simultaneous multi-view imag-
ing, SiMView uses an orthogonal arrangement of four indepen-
dently operated optical arms (Fig. 1C, Video 1). One pair of
opposite arms is used for bi-directional light sheet illumination
with two long working distance air objectives, similar to the illu-
mination arrangement used in other light sheet microscopes
[14,24,25]. The other pair, arranged at a right angle to the first, is
used for bi-directional fluorescence detection with high numerical
aperture water-dipping objectives and fast sSCMOS cameras [15].

In addition to the illumination and detection arms, the SiMView
microscope platform includes a laser light source, a four-view
specimen chamber and a four-axis specimen positioning system
(Fig. 1C, Video 1).



270 P.J. Keller/ Methods 62 (2013) 268-278

A ) detection lens
vertically scanned

. sample
“light sheet”

laser scanner

f-theta lens tube lens
TR T

sCMOS camera 1 I." [
specimen chamber -

detection arm 1 detection arm 2

specimen positioning system

sCMOS camera 2

illumination arm 1

Fig. 1. Scanned light sheet fluorescence microscopy. (A) The illustration shows the principle behind Digital Scanned Laser Light Sheet Fluorescence Microscopy (DSLM) [2].
The f-theta lens converts the tilting movement of the scan mirror into a vertical displacement of the laser beam. The tube lens and the illumination objective focus the laser
beam into the specimen, which is positioned in front of the detection lens. The laser beam thus illuminates the specimen from the side and excites fluorophores along a single
line. Rapid scanning of a thin volume and fluorescence detection at a right angle to the illumination axis provides an optically sectioned image. (B) Photograph of a basic DSLM
implementation, using a single CCD camera for fluorescence detection. The optical axis in the DSLM illumination sub-system is shown as a dashed cyan line, whereas the
optical axis in the DSLM illumination detection sub-system is shown as a dashed green line. (C) Computer model of the opto-mechanical implementation of a light sheet
microscope for simultaneous multi-view imaging. The opto-mechanical modules of the instrument consist of two illumination arms for fluorescence excitation with scanned
light sheets (blue), two fluorescence detection arms equipped with sCMOS cameras (red) as well as beam-coupling modules, specimen chamber and specimen positioning
system (grey). Credits: Panel (A) was reprinted from Science, vol. 322, Keller et al., “Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet
Microscopy”, 1065-1069, Copyright (2008), with permission from AAAS. Panel (B) was reprinted from Cold Spring Harbor Protocols, vol. 2011 No. 10, Keller et al., “Digital
scanned laser light-sheet fluorescence microscopy (DSLM) of zebrafish and Drosophila embryonic development”, 1235-1243, Copyright (2011), with permission from Cold
Spring Harbor Laboratory Press. Panel (C) was reprinted from Nature Methods, vol. 9 No. 7, Tomer et al., “Quantitative High-Speed Imaging of Entire Developing Embryos with
Simultaneous Multiview Light-Sheet Microscopy”, 753-763, Copyright (2012), with permission from Macmillan Publishers Ltd.
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For imaging with one-photon excitation, the laser beams of two
multi-laser units (Omicron Laserage, SOLE-3 and SOLE-6) are
combined by fiber optics and split into two illumination arms for
fluorescence excitation from near-UV to near-IR, providing the la-
ser excitation wavelengths 405, 445, 488, 515, 561, 594, 642 and
685 nm [15].

Each illumination arm consists of two custom collimator mod-
ules, a beam coupling-unit, a high-speed laser shutter with con-
troller (Uniblitz, VS14S2ZM1-100 with AIMgF2 coating, VMM-D3
three-channel driver), a compact illumination filter wheel with
controller (Ludl, 96A351, MAC6000 DC servo controller), a minia-
ture piezo tip/tilt mirror with amplifier (Physik Instrumente, S-
334, E-503.00S amplifier, E-509.S3 servo controller, E-500 chassis),
an f-theta lens (Sill Optics, S4LFT4375), a tube lens module (Olym-
pus, U-TLU-1-2 camera tube) and a piezo-positioned illumination
objective with controller (Physik Instrumente, P-725 piezo, E-665
piezo amplifier and servo controller; equipped with Olympus
XLFLUOR 4x/340/0.28 objective) [15].

Each detection arm consists of a piezo-positioned detection
objective with controller (Physik Instrumente, P-725 piezo, E-665
piezo amplifier and servo controller; equipped with long working
distance water-dipping objectives from Nikon or Carl Zeiss), a
detection filter wheel with controller (Ludl, 96A354, MAC6000
DC servo controller), a custom tube module with a tube lens (Ni-
kon, CFI second lens unit) and a water-cooled sCMOS camera
(Hamamatsu, Orca Flash 4.0; or Andor, Neo, with Koolance ExoslI
re-circulator; or PCO, pco.edge) [15].

The four-view specimen chamber comprises a custom specimen
holder, a custom mechanical scaffold manufactured from black
Delrin, a multi-stage adapter module for connecting the specimen
holder to the specimen positioning system and a custom perfusion
system. Using the positioning system, the medical-grade stainless
steel specimen holder can be translated in three dimensions and
rotated around its main axis without breaking the water seal.
The chamber is open to two opposite sides to accommodate the
water-dipping detection objectives and contains two windows
with coverslips on the remaining two sides for laser light sheet
illumination. The top of the chamber is open for mechanical or
optical access and allows specimen illumination with a cold light
source [15].

The four-axis (X-Y-Z-Theta) specimen positioning system con-
sists of three customized translation stages (Physik Instrumente,
M-111K046) and one rotary stage (Physik Instrumente, M-116), a
motion I/O interface and amplifier (Physik Instrumente, C-809.40
4-channel servo-amplifier) and a motion controller (National
Instruments, PXI-7354 4-axis stepper/servo motion controller).

Video 1 shows the complete mechano-optical assembly of the
one-photon SiMView implementation, with the exception of the
multi-laser units.

For imaging with two-photon excitation, additional optical
modules are required. The laser light source is a pulsed Ti:Sapphire
laser (Coherent, Chameleon Ultra II). Laser intensity modulation
and IR beam splitting are performed with a module positioned be-
tween light source and illumination arms, which consists of an (op-
tional) beam attenuation sub-module (Thorlabs, AHWP0O5M-980
mounted achromatic half-wave plate and GL10-B Glan-laser pola-
rizer), a Pockels cell with driver (Conoptics, Model 350-80-LA-02
KD*P series electro-optic modulator and Model 302RM driver)
and an IR beam splitter (Melles Griot, PBSH-450-2000-100 broad-
band polarizing cube beam splitter, and Casix, WPA1312-2-700-
1000 achromatic 1/2 wave plate). Customized f-theta lenses (Spe-
cial Optics, 66-S80-30T-488-1100 nm custom lens) and different
illumination objectives (Olympus, LMPLN10XIR 10x/0.30) are used
in the illumination arms. The illumination and detection objectives
are mounted on different piezo-positioners (Physik Instrumente, P-
622.1CD PIHera piezo linear stage and E-665 piezo amplifier and

servo controller). Finally, different filters are used in the detection
arms (Semrock, BrightLine short-pass and band-pass filters) [15].

4. Comparison of light sheet microscopy and confocal
microscopy

This section summarizes and expands on a previous comparison
of light sheet microscopy and confocal microscopy [34].

4.1. Light exposure, laser power and photo-bleaching/toxicity

A distinct advantage of light sheet microscopy is that only the
observed plane is actually illuminated. In contrast, point-scanning
confocal fluorescence microscopes perform optical sectioning by
discriminating against out-of-focus light with the detection pin-
hole. The detection of the signal from a single plane requires the
entire sample to be illuminated, and fluorescence light that is emit-
ted from out-of-focus regions (the majority of the signal) is simply
blocked by the detection pinhole.

The corresponding reduction of light exposure in light sheet
microscopes compared to confocal microscopes can be approxi-
mated as a factor n equal to the total thickness of the recorded image
stack divided by the light sheet thickness. Photo-bleaching rates in
confocal fluorescence microscopes are thus at least by a factor of n
higher than in light sheet microscopy [34]. In practice, this factor is
usually even larger for point-scanning confocal fluorescence micro-
scopes, since these implementations often operate in non-linear
photo-bleaching regimes, owing to the high laser power (see below).

Since scanned light sheet microscopes perform one-dimen-
sional laser scanning, the time available for light exposure of a sin-
gle voxel in the recorded image is several orders of magnitude
longer than in point-scanning confocal fluorescence microscopes,
which employ two-dimensional laser scanning. In a typical high-
speed imaging experiment with DSLM (~15 frames per second
for an image size of 2048 x 2048 pixels), fluorescence signal is col-
lected for approximately 500 ps for each camera pixel [2]. In con-
trast, point-scanning confocal and two-photon fluorescence
microscopes use pixel dwell times of typically no more than 5 ps
when operating in a regime of reasonably high imaging speeds
(at least 1 frame per second for an image size of 512 x 512 pixels).
In scanned light sheet microscopes, the laser power required to
collect a certain number of signal photons per time unit is there-
fore typically reduced by at least a factor of 100 compared to
point-scanning confocal fluorescence microscopes [34].

4.2. Spatial resolution

The lateral and axial resolution of light sheet microscopes and
confocal fluorescence microscopes is given by the wavelength of
the fluorescence light, the numerical apertures of the lenses and
by the signal-to-noise ratio in the image. In theory, point-scanning
confocal fluorescence microscopy provides a lateral resolution that
is by a factor of square-root of 2 better than in light sheet micros-
copy. In practice, however, the limited signal-to-noise ratio of con-
focal fluorescence microscopes often makes it difficult to take
advantage of this improved performance [4,26,34].

The situation is different for the axial resolution. Light sheet
microscopy performs optical sectioning with a diffraction-limited
illumination profile and provides multi-view capability, i.e. the op-
tion to record multiple data sets of a specimen along different
directions. In single-view experiments with lenses of low numeri-
cal aperture, the axial resolution is mainly determined by the
thickness of the light sheet. In multi-view experiments, the axial
resolution can be improved by fusing the information obtained
along different recording angles. For highly transparent specimens,
the fusion of a few angles already leads to an almost isotropic
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three-dimensional resolution, i.e. the usually low axial resolution
becomes comparable to the considerably better lateral resolution
[22,34].

It has been shown that light sheet microscopy outperforms con-
focal fluorescence microscopes for the entire range of detection
NAs in multi-view experiments [27]. In single-view experiments
and for numerical apertures up to about 0.6-0.8 (depending on
the field-of-view of the light sheet microscope’s camera), light
sheet microscopy provides an at least 50% better axial resolution.
Confocal fluorescence microscopes perform better than light sheet
microscopes with numerical apertures above 0.6-0.8 (depending
on the field-of-view of the light sheet microscope’s camera) [27].

The use of Bessel beams provides another option for improving
axial resolution in the light sheet microscope [28,29]. Bessel beams
have a thinner central intensity peak compared to Gaussian beams
produced with the same optical configuration. However, unlike the
Gaussian beams used in conventional light sheet microscopy, Bes-
sel beams also comprise a system of concentric rings surrounding
this central peak. If left unaccounted for, this ring system will con-
tribute to the generation of fluorescence signal and thereby de-
grade image quality. In order to improve axial resolution over
that obtained in Gaussian beam light sheet microscopes, the
contribution from the ring system can be suppressed by using
structured illumination (i.e. patterned light sheets [30]) or
two-photon excitation.

Finally, it is important to note that the high signal-to-noise ratio
in light sheet microscopy (see below) renders the images particu-
larly amenable to image deconvolution, providing a further in-
crease in lateral and axial resolution [31].

4.3. Signal-to-noise ratio and image quality

At reasonably high imaging speeds (at least 1 million voxels per
second) and reasonably low laser power settings compatible with
long-term live imaging, confocal fluorescence microscopes provide
images with a signal-to-noise ratio of typically not more than
100:1, owing to physical limitations arising from short pixel dwell
times (1 ps or less). In high-speed imaging experiments with light
sheet microscopy, pixel dwell times are considerably longer (typi-
cally on the order of 500 us) as a direct result of the signal detec-
tion from many volume elements simultaneously. Using CCD or
sCMOS cameras with high dynamic range, light sheet microscopes
provide images with a signal of up to ~14 bit above the back-
ground and a standard deviation of ~2 bit in the background. The
signal-to-noise ratio is typically in the range 100:1 to 10,000:1
[34].

As indicated in the previous section, the possibility to increase
resolution by image deconvolution is one of the advantages of
the high dynamic range in light sheet microscopy. More impor-
tantly, however, the good signal-to-noise ratio is crucial to ensure
robust performance of automated computational approaches to
the analysis of large image data sets.

4.4. Imaging speed

Light sheet microscopy accommodates exceptionally high
imaging speeds through the use of camera-based fluorescence
detection. For example, in a typical DSLM detection system, inten-
sity data is collected in parallel for ~6 to 12 entire lines on the
camera chip, constituting ~12,000-24,000 pixels of the final image
[34]. The SiMView imaging platform, which performs simulta-
neous image acquisition from multiple views, is capable of record-
ing data at a continuous rate of 175 million voxels per second. This
level of parallelization in light sheet microscopes leads to a dra-
matic speed advantage over point-scanning confocal fluorescence
microscopes, which employ two-dimensional scanning of the spec-

imen, i.e. record fluorescence data voxel per voxel at maximum
rates of about 1-10 million voxels per second.

Line-scanning implementations of confocal fluorescence micro-
scopes suffer from a substantial decrease in image quality and con-
trast. In this context, it is important to note that each sample
provides a fixed photon “budget”, i.e. faster scanning will also inev-
itably lead to an accordingly increased photo-bleaching rate. Thus,
line-scanning or resonant scanner confocal microscopy implemen-
tations perform poorly in long-term high-speed imaging experi-
ments due to the high photo-bleaching rates [34].

Similar to light sheet microscopy, spinning-disk confocal fluo-
rescence microscopes are able to take advantage of the high
recording speed and high quantum efficiency provided by CCD
and sCMOS cameras. However, image quality in spinning-disk con-
focal microscopes is reduced compared to point-scanning imple-
mentations, owing to the simultaneous use of multiple pinholes
and associated issues arising from light scattering and loss of inco-
herence [34].

5. Live imaging of zebrafish embryos with light sheet
microscopy

In the following three sections, the basic steps involved in set-
ting up a zebrafish live imaging experiment with light sheet
microscopy are discussed, starting with the specimen preparation
(Fig. 2) and including a list of required materials. Please see [32]
for a detailed description of specimen embedding and trouble-
shooting strategies in light sheet microscopy.

5.1. Materials for sample preparation

e Transgenic or mRNA-injected zebrafish eggs.

e Sharp forceps and an agarose-coated Petri dish for dechorion-
ation.

e Stereo binocular for sample mounting.

e 0.4% (SiMView light sheet microscope) or 1.0% (DSLM light
sheet microscope) low-melting temperature agarose (Cambrex,
SeaPlaque GTG low-melting temperature agarose) in zebrafish
medium, several aliquots in 1.5 ml tubes placed in heating block
at 37 °C.

e Glass capillaries and plunger (Brand, 701910 and 701938).

e Glass Pasteur pipette, glass beaker.

e 1.5 ml Eppendorf tube or inert plastic well (Fig. 2A).

o Dissecting needle or cut-off microloader pipette tip (Eppendorf,
catalog number 930001007).

5.2. Dechorionation and agarose embedding of zebrafish embryos

o Carefully dechorionate zebrafish embryos in an agarose-coated
petri dish using sharp forceps. The agarose coating prevents the
embryos from adhering to the plastic bottom.

e Transfer the dechorionated zebrafish embryos directly into a
tube or well with liquid agarose (Fig. 2A) using a glass Pasteur
pipette. The temperature of the agarose should be at least about
32°C, but not more than 37°C to prevent damage to the
embryos.

o Insert the glass capillary with the plunger into the agarose-filled
tube and draw up agarose to the 2 cm mark, followed by one
egg together with its surrounding agarose.

e Position the egg in the preferred orientation along the axis of
the glass capillary under the stereo-microscope using a dissect-
ing needle or a cut-off microloader pipette tip. It is vital not to
damage the zebrafish embryo in this process. Avoid touching
the embryo itself and instead try to achieve the optimal orien-
tation only by swirling the agarose around the embryo and
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Fig. 2. Specimen preparation. (A) The specimen is suspended in a droplet of liquid low-melting temperature agarose in a plastic well. A few dozen microliters of agarose,
followed by the specimen, are drawn into a thin glass capillary using a piston rod. The agarose gel forms within a few minutes at room temperature. (B) Photograph of central
imaging chamber in the DSLM after loading the capillary holder with the glass capillary. The detection lens is located directly behind the imaging chamber and faces the
specimen. (C) For conventional DSLM imaging, the zebrafish embryos are embedded in 1% low-melting temperature agarose in a thin glass capillary. In contrast, the upright
specimen holder geometry in the SiMView microscope allows using agarose concentrations as low as 0.3-0.4% without compromising specimen stability during imaging.
After gelling, the section of the agarose cylinder containing the embryo is gently pushed out of the capillary. The agarose section containing the embryo must be sufficiently
exposed such that neither the light sheet nor the fluorescence light pass through the glass wall of the capillary during imaging. (D) View of the central part of the SiMView
microscope, where the four optical arms for simultaneous multi-view imaging meet at the specimen chamber. The specimen positioning system is located underneath the
specimen chamber, which provides three essential advantages: full access to the specimen chamber from the top, sufficient space for opto-mechanical components in the
four-arm arrangement surrounding the sample chamber, and mechanical specimen support by an upright specimen holder. The latter feature enables specimen embedding in
ultra-low concentration agarose gels. Credits: Panels (A-C) were reprinted from Cold Spring Harbor Protocols, vol. 2011 No. 10, Keller et al., “Digital scanned laser light-sheet
fluorescence microscopy (DSLM) of zebrafish and Drosophila embryonic development”, 1235-1243, Copyright (2011), with permission from Cold Spring Harbor Laboratory
Press. Panel (D) was reprinted from Nature Methods, vol. 9 No. 7, Tomer et al., “Quantitative High-Speed Imaging of Entire Developing Embryos with Simultaneous Multiview
Light-Sheet Microscopy”, 753-763, Copyright (2012), with permission from Macmillan Publishers Ltd.

taking advantage of gravitational forces by turning the capillary It should be noted that, in the SiMView light sheet microscope,
accordingly. the gel-embedded specimen is extruded at the top of the verti-
* Once the agarose is fully gelled, place the sample-loaded glass cally-oriented glass capillary (Fig. 2C and D). This upright position-
capillaries in a beaker filled with zebrafish medium to prevent  ing of the specimen allows using exceptionally low concentrations
drying out of agarose and embryo. Keep the beaker at 28 °C of agarose for specimen embedding (as low as 0.3-0.4%) [15], since
until the start of the imaging experiment. additional mechanical support is provided by the glass capillary

e Imaging is not possible through the glass capillary, owing tothe  just below the gel section containing the specimen (Fig. 2C). This
substantial difference in the refractive indices of water and approach is particu]arly well-suited for long_term lmaglng experi_
glass. The illuminating light sheet thus has to be able to reach ments with minimal mechanical constraints arising from specimen
the embryo directly. Thus, before attaching the glass capillary embedding. In contrast, conventional SPIM and DSLM designs use
to the light sheet microscope’s specimen holder, gently push  an inverted geometrical arrangement (Fig. 2B), i.e. the gel-embed-
out the short section (~2 mm) of the agarose cylinder contain-  ded specimen is extruded at the bottom of the vertically-oriented
ing the embryo using the plunger. Excess agarose above the  glass capillary (imagine a horizontally flipped version of Fig. 2C).
embryo can be sliced off with a razor blade to maximize the  Thjs approach requires using higher agarose concentrations to
mechanical stability of the exposed section of the agarose achieve sufficiently high specimen stability, since mechanical sup-
cylinder. port is provided only by the agarose gel [2,18].
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shield stage

Fig. 3. Imaging zebrafish embryonic development with scanned light sheet microscopy. Maximum-intensity projections of a DSLM time-lapse recoding of zebrafish
embryonic development, providing a view of the animal hemisphere. The wild-type zebrafish embryo was injected with H2B-eGFP mRNA in the one cell stage. Imaging was
started in the transition from the 32- to the 64-cell stage. The entire data set consists of 1470 time points (301,350 images, 2.3 terabytes), which were recorded in 60 s
intervals, and is available as Supplementary Movie 7 in [2] and on the website www.digital-embryo.org. At each time point, 205 images with 2048 x 2048 pixels each were
recorded with a z-spacing of 2.96 um. Since the illumination laser beam has to travel through the yolk in order to excite fluorophores on the far left side of the animal
hemisphere, the average nuclear brightness is lower in this part of the embryo. This limitation is addressed in the SiMView advanced light sheet microscopy implementation
[15]. The images were deconvolved with 20 iterations of the Lucy-Richardson algorithm and intensity-normalized to compensate for the increase in intensity over time due
to GFP expression. Fluorescence was detected with a Carl Zeiss C-Apochromat 10x/0.45 W detection objective. Scale-bar: 100 pm.

5.3. Single-view and multiple-view imaging of zebrafish embryos

The basic DSLM set-up uses a single light sheet and a single
detection arm, oriented at a right angle to the light sheet. Using
this simple single-view imaging arrangement, a relatively large
fraction of a zebrafish embryo can be recorded (Fig. 3), but cover-
age is insufficient for whole-embryo imaging [2]. This limitation
arises primarily from the highly light-scattering and light-absorb-
ing central yolk cell, which makes it impossible to acquire high-
quality images from the far side (with respect to the detection axis)
of the embryo, but also from the decrease in signal strength and
image quality with increasing imaging depth into the embryo
proper. In order to improve physical coverage for whole-embryo
imaging experiments, multiple views can be recorded sequentially
(Fig. 4), by simply turning the specimen using a rotary stage. In this
sequential multi-view imaging mode, several complementary

three-dimensional image stacks are acquired and subsequently
computationally registered and combined [2].

It should be noted, however, that sequential multi-view imag-
ing only partially addresses the challenge of imaging a large living
biological specimen. Since each sequential acquisition and rotation
step takes a certain amount of time - during which development of
the specimen continues -, the resulting multi-view image content
can usually not be correctly registered. Migrating or dividing cells
are captured in different locations in the respective overlap regions
of the recorded stacks, and automated segmentation and tracking
approaches make mistakes in the subsequent data analysis. These
limitations are overcome by simultaneous multi-view imaging:
SiMView, the light sheet-based imaging platform for simultaneous
multi-view imaging described in Section 3.3, is particularly well-
suited for the fast live imaging of large developing specimens
[15], such as entire zebrafish embryos. In SiMView experiments,



PJ. Keller/Methods 62 (2013) 268-278 275

animal pole view vegetal pole view animal pole view vegetal pole view

75%-epiboly stage

bud stage
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B ras-eGFP

Fig. 4. Multi-view and multi-color time-lapse imaging of zebrafish embryogenesis. (A) Maximume-intensity projections of a DSLM time-lapse multi-view recoding of zebrafish
embryonic development, providing views of the animal and vegetal hemispheres. The wild-type zebrafish embryo was injected with H2B-eGFP mRNA in the one cell stage.
Imaging was started in the 64-cell stage. The entire data set consists of 1226 time points (453,620 images, 3.5 terabytes), which were recorded in 90 s intervals, and is
available as Supplementary Movie 2 in [2] and on the website www.digital-embryo.org. At each time point, 370 images with 2048 x 2048 pixels each were recorded with a z-
spacing of 2.96 pm. The images were deconvolved with 10 iterations of the Lucy-Richardson algorithm and intensity-normalized to compensate for the increase in intensity
over time due to GFP expression. Fluorescence was detected with a Carl Zeiss C-Apochromat 10x/0.45 W detection objective. (B) Fast multi-color time-lapse imaging of a
membrane- and nuclei-labeled zebrafish embryo with light sheet-based structured illumination microscopy (DSLM-SI). The embryo was injected with ras-eGFP mRNA and
H2A-mCherry mRNA in the one-cell stage. Membranes were imaged using structured illumination and nuclei using standard light sheet illumination. In total, 125,280 images
were recorded at 261 time points from 2 to 8.5 hpf. The complete data set is available as Supplementary Movie 2 in [30] and on the website www.digital-embryo.org. Images
were deconvolved with 10 iterations of the Lucy-Richardson algorithm. Fluorescence was detected with a Carl Zeiss C-Apochromat 10x/0.45 W detection objective. Scale-
bars: 100 um (A,B). Credits: Panel (A) was reprinted from Science, vol. 322, Keller et al., “Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet
Microscopy”, 1065-1069, Copyright (2008), with permission from AAAS. Panel (B) was reprinted from Nature Methods, vol. 7, No. 8, Keller et al., “Fast, high-contrast imaging
of animal development with scanned light sheet-based structured-illumination microscopy”, 637-642, Copyright (2010), with permission from Macmillan Publishers Ltd.

the time delay of multi-view image acquisition is zero when using
multi-photon excitation and on the order of a few tens of millisec-
onds when using one-photon excitation. If single-view imaging is
insufficient to record a living specimen in its entirety, the SiMView
microscopy platform is thus the optimal choice for obtaining quan-
titative image data.

Irrespective of the type of light sheet microscopy implementa-
tion used for a given experiment, it is important to select appropri-
ate illumination and detection objectives, determine the optimal
light sheet thickness and assign a corresponding z-step size for
three-dimensional image acquisition. Generally, long working dis-

tance water-dipping detection objectives are an excellent choice
for light sheet microscopy. Sample size and camera chip size define
the optimal magnification of the detection system as well as the
optimal light sheet thickness [27]. The z-step size should be
defined to yield sufficient axial overlap between images, while pre-
venting unnecessary oversampling. A z-step size equivalent to
approximately 50-70% of the central light sheet thickness is a con-
servative choice in this respect.

For example, when imaging a GFP-expressing early zebrafish
embryo (corresponding to a field-of-view of approximately
700 um) with a basic DSLM-like imaging arrangement, a central
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Fig. 5. Computational analysis of zebrafish time-lapse microscopy recordings. (A) Cell tracking in the digital zebrafish embryo (www.digital-embryo.org). Microscopy data
are shown for the right half of the embryo (animal view, maximum intensity projections) and digital embryo reconstructions are shown for the left half, using color-encoded
migration directions (see Supplementary Movie 9 in [2]). Color code: dorsal migration (cyan), ventral migration (green), toward or away from body axis (red or yellow),
toward yolk (pink). (B) Orthographic rendering of the digital zebrafish embryo obtained from the microscopy data set shown in Fig. 4A. The color code indicates the current
movement speed of each nucleus. Bright orange corresponds to an average movement speed of 1.2 pm/min or more, whereas bright cyan highlights effectively non-migratory
nuclei. Intermediate speeds are shown by linear interpolation between these two colors. The complete data set is available as Supplementary Movie 3 in [2] and on the
website www.digital-embryo.org. Credits: Panel (A) and the left image in panel (B) were reprinted from Science, vol. 322, Keller et al., “Reconstruction of Zebrafish Early
Embryonic Development by Scanned Light Sheet Microscopy”, 1065-1069, Copyright (2008), with permission from AAAS.

light sheet FWHM (full width at half maximum) thickness of
5.6 um provides the minimum average light sheet thickness across
the field-of-view. A z-step size of 3-4 pm is recommended to
obtain a well-sampled image stack. When using a light sheet
microscopy implementation with bidirectional light sheet illumi-

nation, each of the two light sheets can be dedicated to the illumi-
nation of one half of the field-of-view [24], thus improving axial
resolution without compromising light sheet uniformity across
the field-of-view. In this case, the central light sheet thickness
can be reduced by a factor of square-root of two (4.0 um FWHM).
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Even thinner Gaussian beam light sheets are straight-forward to
generate but require a restriction of the size of the field-of-view.
When aligning the microscope based on the Rayleigh criterion
(the ratio of light sheet thickness at the edge and in the center of
the field-of-view equals square-root of two), the size of the field-
of-view is proportional to the square of the light sheet thickness.
As discussed in Section 4.2, the axial resolution in the light sheet
microscope can alternatively also be improved by using Bessel
beams instead of Gaussian beams [28].

The choice of time-lapse recording interval and total recording
duration depends largely on the biological process of interest. For
example, in order to follow cell migration using ubiquitously-ex-
pressed nuclear markers in early zebrafish embryos, a temporal
resolution of 60-90 s ensures proper temporal sampling. Shorter
time intervals simplify automated computational cell tracking,
but increase exposure of the embryo to laser light and lead to a lar-
ger amount of image data collected in the experiment. In contrast,
longer time intervals may lead to temporal under-sampling and
compromise the ability to follow cells over long periods of time.

It is important to monitor fluorescence levels and specimen po-
sition over the course of a long-term imaging experiment. When
imaging very early embryos using an mRNA-injection-based fluo-
rescent marker strategy, fluorescence levels can increase by up to
1-2 orders of magnitude during the first 10 h of development
[2]. Moreover, embryos embedded in a soft agarose gel for light
sheet-based imaging can easily drift by several tens of micrometers
at the onset of the imaging experiment, if imaging is started very
shortly after embedding. For long-term imaging experiments, an
automated software module that tracks and corrects changes in
fluorescence intensity levels and center-of-mass positions can thus
be very helpful.

6. Image processing and computational data analysis

It is important to keep in mind that data sets resulting from
long-term imaging experiments are typically very large, in partic-
ular when using high-speed light sheet-based imaging methods.
Unless a qualitative inspection is sufficient to evaluate the data
set, it is thus often not possible to use manual approaches to the
data analysis. An adequate computational infrastructure and ro-
bust automated approaches to image processing and data analysis
are crucial.

In order to minimize computational bottlenecks in the routine
use of light-sheet microscopy, the acquisition of a file server with
adequate storage capacity (on the order of at least several tens of
terabytes) and a dedicated image processing workstation with ade-
quate memory capacity (on the order of at least several tens of
gigabytes) is highly recommended. Fast connections between im-
age acquisition workstation, image processing workstation and
data storage server, ideally via glass fiber, are crucial to efficiently
transfer large data sets. Detailed configurations of the systems
used for the SiMView platform are provided in the supplement of
[15].

For simple image processing tasks and small data sets, off-the-
shelf commercial and non-commercial software suites for multi-
purpose image processing, such as Imaris (Bitplane), Amira (Visage
Imaging) or Image]/FIJI (http://rsbweb.nih.gov/ij and http://fiji.sc/
wiki/index.php/Fiji), may already provide the required functional-
ity. Another popular approach is the implementation of custom
processing scripts using MATLAB (The Mathworks), a computer
language that enables fast prototyping and provides decent perfor-
mance at the same time. For bead-based or content-based multi-
view image registration, free software packages are publicly avail-
able [15,33].

For complex tasks, such as robust automated image segmenta-
tion and cell tracking (Fig. 5), no standardized approaches exist.
The design of the most appropriate algorithmic solution simply
depends on too many factors, including marker strategies in the
imaging experiment, image quality, accuracy and speed
requirements as well as data set size. For example, a software solu-
tion optimized for confocal time-lapse microscopy recordings with
data volumes on the order of a few hundred gigabytes may require
filtering and processing steps that are not suitable for light sheet
microscopy data. Such software will also likely be too slow to effi-
ciently process e.g. the tens of terabytes of data recorded in a typ-
ical SiMView light sheet microscopy experiment. A fast approach
to nuclear segmentation and cell lineage tracking in this latter sce-
nario, providing close to real-time performance while achieving
high accuracy, is described in [15].

7. Conclusions

The successful implementation of long-term live imaging
experiments with advanced fluorescence microscopy requires
thoughtful design of fluorescent marker strategy, specimen prepa-
ration assay, imaging method and image processing strategy.
Importantly, a complete set of compatible methods is required.
The optimal approach to specimen preparation depends on the
imaging technique as well as the biological process of interest.
Similarly, the optimal approach to image processing and computa-
tional data analysis is intrinsically linked to key characteristics of
the image data, which are substantially influenced by the imaging
method and marker strategy. Depending on the complexity of the
imaging experiment, developing this complete set of methods can
be very challenging, and often, commercial/standard techniques, if
at all available, have to be customized for this purpose.

Long-term imaging strategies based on emerging light sheet
microscopy techniques have proven to be particularly powerful
in enabling new live imaging experiments. Light sheet microscopy
pushes the limit in live imaging by providing high imaging speeds,
high signal-to-noise ratios and low rates of photo-bleaching/toxic-
ity. With these key capabilities, it is now possible to comprehen-
sively follow and quantify cellular dynamics in entire embryos
throughout their development, reconstruct cell lineage informa-
tion, correlate changes in gene expression and morphogenetic
processes on the system level, and perform biophysical analyses
of cell shape changes and cellular forces even for very complex
organisms.
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