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Abstract

Mouse embryonic development comprises highly dynamic and coordinated events that drive key 

cell lineage specification and morphogenetic events. These processes involve cellular behaviors 

including proliferation, migration, apoptosis, and differentiation, each of which is regulated both 

spatially and temporally. Live imaging of developing embryos provides an essential tool to 

investigate these coordinated processes in three-dimensional space over time. For this purpose, the 

development and application of genetically encoded fluorescent protein (FP) reporters has 

accelerated over the past decade allowing for the high-resolution visualization of developmental 

progression. Ongoing efforts are aimed at generating improved reporters, where spectrally distinct 

as well as novel FPs whose optical properties can be photomodulated, are exploited for live 

imaging of mouse embryos. Moreover, subcellular tags in combination with using FPs allow for 

the visualization of multiple subcellular characteristics, such as cell position and cell morphology, 

in living embryos. Here, we review recent advances in the application of FPs for live imaging in 

the early mouse embryo, as well as some of the methods used for ex utero embryo development 

that facilitate on-stage time-lapse specimen visualization.

 1. Introduction

During their gestation, embryos undergo coordinated complex morphogenetic changes as 

they develop from single fertilized eggs into neonates having all major organ systems in 

place for supporting adult life (Fig. 18.1). Embryonic development comprises of a dynamic 

three-dimensional orchestration of cellular interactions, including proliferation, apoptosis, 

movement, and differentiation, which occur in a temporally and spatially regulated manner 

(Arnold and Robertson, 2009; Nowotschin and Hadjantonakis, 2010; Rossant and Tam, 

2009). Defining these processes requires time-lapse visualization of the embryo as 

development progresses. Thus, live imaging provides an essential tool for acquiring spatio-

temporal information of the dynamic molecular mechanisms and cellular behaviors driving 

embryonic development in vivo.

The mouse is the premier mammalian model organism used in embryological studies 

because of its genetic and physiological similarities to humans, as well as the ease with 

which its genome can be manipulated and analyzed. Key morphogenetic events in mouse 

and hence mammalian development have been studied for a few decades now, however 

recent advances in live imaging technologies have brought these studies to another level 

where these events can be visualized and examined at higher resolution and in utero. Today, 

protocols have been established and optimized that allow live imaging of mouse embryos ex 
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utero, thus providing a way to study mouse embryonic development live and at high 

resolution (Garcia et al., 2011a,b,c, d; Nowotschin et al., 2010; Udan and Dickinson, 2010).

Fluorescence emitted from excited fluorophores has been exploited for cellular imaging and 

for the observation of single or groups of cells in developing embryos. Injection of vital 

dyes, such as the lipophilic tracers, DiI, or DiO (Serbedzija et al., 1992), inorganic 

semiconductor nanocrystals, known as quantum dots (Dubertret et al., 2002), and genetically 

encoded fluorescent proteins (FPs) (Nowotschin et al., 2009b) have been used as 

fluorophores to label cells in embryos. Of these, FPs have been most prominent for live cell 

imaging because of their high signal-to-noise ratio, minimal toxicity, non-reliance on the 

availability of antibodies for the protein of interest, and ease of use. FPs, such as the green 

fluorescent protein (GFP) and its variants, as well as the orange and red FPs are ideal 

reporters for live imaging since they can be expressed under the control of promoter/ cis-

regulatory regions driving sufficient levels of expression of the FP for visualization. 

Moreover, FPs can be fused to any protein of interest to investigate both protein dynamics in 
vivo as well as to provide subcellular segmentation (Nowotschin et al., 2009b). The use of 

FPs for visualizing mouse embryonic development in live ex utero cultured mouse embryos 

(Hadjantonakis et al., 2003) has led to novel insights of the intrinsic cell behaviors 

underlying tissue morphogenesis and cell lineage specification in mouse embryos (Kwon et 
al., 2008; Plusa et al., 2008).

In this chapter, we provide an overview of some of the most commonly used FPs and their 

application for live imaging in mouse embryos. We also discuss the necessary tools for live 

imaging, such as standard confocal microscopy techniques available at most institutions. 

Finally, we provide a brief description of the methods and conditions that are routinely used 

in our and other laboratories for ex utero culturing and time-lapse imaging of mouse 

embryos.

 2. Genetically Encoded FPs for Live Imaging Morphogenetic Events in the 

Early Mouse Embryo

 2.1. Multispectral FPs

Currently, many FPs have been isolated and are readily available to use for live imaging 

applications (Table 18.1). Among them, the GFP and its variants are the most commonly 

used FPs to study the complex cell behaviors and organization of the embryo and the adult 

animal (Nowotschin et al., 2009b) due to their nontoxicity in eukaryotic cells. GFP and its 

variants have been widely applied in live cell imaging regimes either expressed in their 

native form throughout the cellular cytoplasm or, as will be discussed in the next section, 

fused in frame to a protein of interest so as to function as tags allowing for the visualization 

of specific protein localization, cell division, cell tracking, cell death, and cell morphology 

(Hadjantonakis and Papaioannou, 2004; Rhee et al., 2006). Moreover, cell-type-specific 

resolution within the tissues of the embryo can be achieved when these FPs are placed under 

the control of cis-regulatory elements (Ferrer-Vaquer et al., 2010; Kwon and Hadjantonakis, 

2007; Kwon et al., 2006, 2008; Monteiro et al., 2008). Additional temporal control can be 

achieved by expressing the FP in a genetically inducible regime, as in genetically inducible 
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fate mapping approaches (Joyner and Zervas, 2006). Further, the use of multiple spectrally 

distinct FPs enables the simultaneous study of several cell characteristics (Livet et al., 2007).

GFP emits green light when excited with ultraviolet (UV) or blue light. The engineering of 

GFP resulted in several spectral variants, the blue and cyan FPs (e.g., BFP, CFP, and 

Cerulean), the yellow FPs (e.g., YFP and Venus) which emit blue and yellow light, 

respectively, as well as in improved versions of the originally isolated wild-type GFP protein 

with brighter fluorescence and greater photostability (Cubitt et al., 1995; Heim et al., 1995). 

The most popular version for use in mammalian systems is the enhanced GFP (EGFP). 

Apart from GFP and its variants, spectrally distinct FPs that emit orange, red, and farred 

light are sought after for imaging in tissue specimens (Table 18.1). FPs with emission in the 

long-wavelength spectrum are advantageous in respect of their reduced cell toxicity, less 

background autofluorescence, deeper tissue penetration, which is important for larger 

specimens such as mouse embryos or whole animal imaging, as well as for their ease of 

covisualization with FPs possessing short-wavelength emission spectra. Though the list of 

RFPs is fairly short, some RFPs have already been used successfully in transgenic reporter 

mice (Kwon and Hadjantonakis, 2009; Viotti et al., 2011) and live imaging of mouse 

embryos. When expressed under the control of cis-regulatory elements, RFPs like mRFP and 

mCherry (‘m’ stands for monomeric) have been shown to provide cell-type-specific 

resolution during development of the early mouse embryo (Kwon and Hadjantonakis, 2009; 

Poche et al., 2009; Viotti et al., 2011). Transgenic mice ubiquitously expressing mRFP1 and 

mCherry in the cytoplasm (Fink et al., 2010; Long et al., 2005) have shown that the 

cytoplasmic expression of these RFPs is developmentally neutral. However, though mRFP1 

is a monomeric variant of the tetramer DsRed, ubiquitous expression of histone (H2B) or 

myristoylated (myr) fusions of mRFP1 or mCherry are in some instances not 

developmentally neutral and thus incompatible with normal development in mice 

(Nowotschin et al., 2009a). Nevertheless, live imaging short-term lineage tracing 

experiments by injecting mRNA for H2B-RFP and myr-RFP in 8-cell stage embryos have 

been performed (Yamanaka et al., 2010). Another variant of mRFP1, the tandem dimer (td) 

(td)Tomato, characterized by its high brightness and photostability as well as its amenability 

to fusion tags has been used for live imaging in mice (Muzumdar et al., 2007; Trichas et al., 
2008). Fusions to mCherry, such as histone H2B as a nuclear tag, have been shown to 

display a satisfactorily bright signal (Abe et al., 2011; Egli et al., 2007). Though, similar to 

mRFP1, constitutive widespread expression in mice of H2B-mCherry has proven to be toxic, 

its expression under specific cis regulatory elements has been shown to be non-teratogenic 

(Nowotschin et al., 2009a).

As already discussed, FPs with excitation and emission spectra in the far-red region of the 

spectrum can be advantageous when combined with GFP and its variants as spectral 

separation as well as deeper tissue penetration is crucial (Shcherbo et al., 2007). The dimer 

Katushka is currently the brightest FP among those with emission maxima above 620 nm to 

have been used in the mouse embryo. In fact, the first transgenic mouse line conditionally 

expressing Katushka was recently reported (Dieguez-Hurtado et al., 2011). Tissue-specific 

expression of Katushka was ubiquitous and strong without displaying any toxic effects in 

this transgenic line; nevertheless, usage of Katushka fused to protein tags has not been 

reported yet. New dimeric variants of Katushka with further red-shift emission as well as 
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reduced cytotoxicity and brighter signal were recently reported. They were tested in tissue 

culture cells and Xenopus embryos, opening exciting possibilities for their use in mouse 

embryos (Shcherbo et al., 2010). However, the dimeric nature of Katushka and its variants 

has limited its potential for incorporation in protein fusions for subcellular localization.

Monomeric versions of far-red FPs have been developed, such as mKate, lacking the 

brightness of Katushka. However, the recently developed successor of mKate, mKate2, and a 

pseudo-monomeric Katushka have both been reported to work well with fusion tags while 

exhibiting bright fluorescence when imaged live in cells and transgenic Xenopus embryos 

(Shcherbo et al., 2009). Moreover, the development of nuclear-localized variants of mKate 

were recently reported that allowed observing tumor cells in living mice (Piatkevich et al., 
2010). The development of novel monomeric red and far-red FPs are eagerly anticipated and 

should allow for their fusion with subcellular tags (Piatkevich and Verkhusha, 2010).

 2.2. Fusion tags to FPs for labeling and tracking

The use of FP fusion proteins has provided a powerful tool to investigate mouse embryonic 

development in three dimensions through live imaging (Table 18.2) (Kwon and 

Hadjantonakis, 2007; Hadjantonakis et al., 2003). For example, fusions of FPs to the human 

histone H2B are bound to active chromatin and localize to the nucleus thus enabling tissue 

segmentation, and the visualization of cellular characteristics, such as division, movement, 

or apoptosis, as well as the tracking of daughter cells during developmental progression 

(Hadjantonakis and Papaioannou, 2004; Kanda et al., 1998). Histone fusions do not only 

facilitate tracking of cells, but also the subsequent segmentation of the spatially separated 

nuclei in cell lines and within the complex 3D structure of the pre- or postimplantation 

embryo during image data analysis (Fig. 18.2). Cell-type-specific combined with nuclear-

specific resolution has been achieved by placing H2B-FP reporters under defined promoter 

and other cis-regulatory elements. For example, H2B-GFP driven by regulatory elements of 

the Pdgfra locus has been useful for lineage tracking in the preimplantation embryo (Artus et 
al., 2010; Plusa et al., 2008). In another study, H2B-GFP driven by TCF/Lef bound cis-

regulatory elements have provided a nuclear-localized, single-cell reporter that can be used 

to live image the behavior and fate of cells responsive to Wnt signaling (Ferrer-Vaquer et al., 
2010). Moreover, a recent report using H2B-GFP fusion reporter under the regulation of the 

epsilon-globin cis-regulatory elements allowed visualization of the first committed 

hematopoietic progenitors within the developing mouse embryo (Isern et al., 2011).

Fusions of FPs to plasma membrane proteins such as glycosylphosphati-dylinositol (GPI) or 

myristoylation (myr) and farnesylation (CAAX) tagging allows the visualization of cell 

morphology in vivo (Table 18.2) (Muzumdar et al., 2007; Rhee et al., 2006). Additional tags 

targeting FPs to the plasma membrane were recently reported (Table 18.2) (Abe et al., 
2011). Importantly, these plasma membrane localized fusions can be used in combination 

with H2B fusions enabling the visualization of multiple cellular characteristics, such as 

nuclear position as well as cell morphology (Fig. 18.3); these combinations have been used 

in embryonic stem cell cultures and in mouse embryos (Abe et al., 2011; Nowotschin et al., 
2009a; Stewart et al., 2009; Trichas et al., 2008). Recently, a mouse reporter line was 

developed that allows conditional expression of nuclear localized mCherry expression 
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combined with plasma membrane GFP expression; this dual reporter was shown to be 

nontoxic for live imaging embryonic development and provides a powerful tool to mark and 

track distinct populations of cells in vivo (Shioi et al., 2011).

In addition, tags have recently been used to target FPs to subcellular locations, such as 

mitochondria, Golgi apparatus, microtubules, and actin filaments as well as focal adhesion 

points (Abe et al., 2011). This study also reported dual labeling of nucleus and Golgi 

apparatus, as well as nucleus and plasma membrane (Abe et al., 2011).

 2.3. Photomodulatable FPs

Traditionally, labeling and tracking cells in live mouse embryos were performed using 

invasive techniques such as dye injections and tissue grafts, as well as binary transgenic 

strategies (Joyner and Zervas, 2006; Kinder et al., 1999, 2001; Nagy, 2000). 

Photomodulatable FPs can now be used to non-invasively label and track cells or proteins 

within the complex 3D structure of the mouse embryo (Table 18.3) (Nowotschin and 

Hadjantonakis, 2009a,b). This can be achieved at a specific embryonic region of interest and 

in a defined spatio-temporal resolution. There are two categories of photomo-dulatable FPs 

that change properties after excitation with UV or blue light: the photoactivatable FPs (PA-

FPs) that change from a non-fluorescent to a fluorescent state and the photoconvertible FPs 

(PC-FPs) that change fluorescence absorbance and emission spectra and thus, convert from 

one color to another (Table 18.3). To date, photomodulatable FPs have been used 

successfully in live chick, Drosophila, zebrafish, and Xenopus embryos (Hatta et al., 2006; 

Murray and Saint, 2007; Stark and Kulesa, 2005; Wacker et al., 2007). However, their usage 

in mouse embryos has only recently started to be applicable (discussed below).

Photoactivatable GFP was developed as a GFP variant with a single residue substitution that 

remains in a non-fluorescent state. However, PA-GFP yields a 100-fold increased green light 

fluorescence upon exposure to short-wavelength light as it irreversibly converts to a 

fluorescent state (Fig. 18.4). PA-GFP has been of special interest because of its monomeric 

nature and its potential to have no toxicity in live embryos. An example of PA-GFP 

application in mouse embryos has been to examine postnatal neo-cortex development (Gray 

et al., 2006). Moreover, PA-GFP was recently used to investigate lineage commitment in live 

preimplantation mouse embryos (Plachta et al., 2011). Use of other PA-FPs, such as PA-

mCherry or the kindling FP (KFP) and Dronpa proteins, has not yet been reported for 

imaging applications in live mouse embryos (Table 18.3).

Regarding PC-FPs, transgenic mice constitutively expressing the photo-convertible Kaede, 

that emits green light and converts to a red fluorescent state upon exposure to UV or violet 

light, have been generated and used to study cell movements from lymphoid organs to other 

tissues (Tomura et al., 2008). Moreover, an in utero photoconversion procedure was recently 

reported by using the Kaede FP (Imai et al., 2010). Another PC-FP that has been used in 

embryonic stem cells and mouse embryos is the Kikume Green-Red protein (KikGR). 

KikGR exhibits similar photoconversion properties as Kaede and can be used to label and 

track cells in embryonic stem cell cultures and in live embryos. KikGR was compared to PA-

GFP and two other PC-FPs, Kaede, and PS-CFP2 (which converts from cyan to green 

fluorescence) for applicability in murine embryonic stem cell lines and live mouse embryos 
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(Nowotschin and Hadjantonakis, 2009b). It was shown that KikGR is most suitable for cell 

labeling and lineage studies because it is developmentally neutral, bright, and undergoes 

rapid and complete photoconversion. A recent study reported the development of a 

transgenic mouse with broad expression of KikGR from the Ubiqui-tin C promoter 

(Griswold et al., 2011). Although KikGR does not work well when fused to nuclear tags 

(perhaps due to its tetrameric nature), a recently reported conditionally expressed KikGR 

reporter with plasma membrane localization was developed, however its level of expression 

was weak (Abe et al., 2011). The recent development of additional PC-FPs that can convert 

from red to green or from orange to far-red fluorescence has opened the way for more 

options to be used for live imaging in the mouse embryo in the near future (Kremers et al., 
2009; Piatkevich and Verkhusha, 2010).

 3. Tools for Live Cell Imaging

“Seeing is believing” and in order to visualize FP reporters, appropriate microscopy 

equipment is required. Several optical imaging modalities are widely available (Table 18.4). 

Advances in imaging techniques have accelerated over the past decade and each type of 

microscope system provides certain advantages as well as limitations regarding live cell 

imaging (Table 18.4) (Walter et al., 2010). First, conventional widefield fluorescence 

microscopy (Lichtman and Conchello, 2005) was considered a powerful tool to observe 

whole embryos since it provides fast acquisition and flexible excitation at low cost. 

However, physical destruction could occur as a consequence of widespread exposure and 

out-of-focus light could interfere during image acquisition because of the thickness of the 

specimen. Image processing and deconvolution techniques can partially resolve out-of-focus 

interference; however, these methods have been applied efficiently for smaller specimens, 

such as bacteria. By contrast, distortion originating from the multiple layers of cells within 

the thick structure of an embryo is not easy to categorize and formulate, thus precluding use 

of deconvolution formulae as the system of choice for visualizing details within live 

embryos using widefield fluorescence.

By contrast, confocal microscopy excludes light originating from outside the focal plane and 

thus, provides optical sectioning. This allows observation within a complex specimen such 

as an embryo at subcellular and spatio-temporal resolution (Conchello and Lichtman, 2005). 

The different optical sections (usually referred to as a z-stack) can then be reconstructed into 

a 3D projection with appropriate software. For this reason, confocal fluorescence 

microscopy has become the tool of choice when visualizing live embryos. A list of several 

types of confocal technologies suitable for live embryo imaging is discussed next.

 Point laser scanning (comparable to Zeiss LSM700 or 710 and Leica SP5 
systems)—This is the most popular modality. It passes a single point of excitation laser 

light through a narrow cylinder across a specimen. The laser light illuminates all points of 

the specimen within the cylinder perpendicular to a specific focal plane. After excitation, 

fluorophores emit light that then passes through a pinhole. The pinhole functions to exclude 

light gathered from above and below the focal plane and provides a physical device to out-
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of-focus light. Thus, point scanning is less prone to be inaccurate because the pinhole 

function is not based on mathematical formulae (in contrast to deconvolution). A point 

scanning confocal is usually the system of choice in most laboratories because it provides 

good resolution and out-of-focus suppression as well as the highest multispectral flexibility. 

Point scanning with multispectral flexibility allows imaging of multiple probes 

simultaneously and is the most commonly used approach for performing photoactivation and 

photoconversion experiments. However, the process of image acquisition is relatively slow 

because of the time needed for the laser beam to scan the entire sample, which raises 

concerns about phototoxicity and photobleaching. For imaging live mouse embryos, it is 

preferable to increase the scan frequency and set up bidirectional xy scanning, thus resulting 

in a lower risk of photo-toxicity and photobleaching of the specimen. It is worth noting that 

the slower acquisition obtained with a point scanning confocal could be problematic for 

imaging fast biological dynamics in live specimens because there will always be a temporal 

difference from the pixel in the top left corner of the image to the bottom right pixel. 

Another point that should be taken into consideration regarding point laser scanning 

microscopy is the detectors used. The typical detector used is a Photomultiplier Tube (PMT). 

A PMT is less sensitive detector than a CCD camera based system. These devices are 

preferred because they acquire light quickly and allow the scanning speeds to be much faster 

than if they were acquired with a CCD. Therefore, commonly used point scanning confocal 

devices provide the best resolution, when thick specimens are visualized. The trade off is 

sensitivity, meaning that weaker fluorescent signals and thinner specimens do not resolve as 

well in point scanning modalities. Another disadvantage of point scanning confocal is its 

high cost due to the need for several lasers, each specific for only a subset of fluorophores.

 Slit scanning (comparable to Zeiss LSM7LIVE systems)—This modality allows 

for more rapid image acquisition because it passes a fine slit, rather than a point, of laser 

light across the specimen. A pinhole is again used for limiting the gathering of light 

originating only from the focal plane. Even though this type of system does not provide 

better resolution or suppression of out-of-focus light compared to point confocal, it is the 

system of choice when observing rapid processes (e.g. microtubule or cilia movement) and 

when samples are sensitive to phototoxicity or photobleach. Moreover, slit scanning (as well 

as spinning disk confocals, discussed next) use CCD detectors instead of PMTs for detection 

and do not exclude as much out-of-focus light as point scanning does, allowing for higher 

sensitivity, especially when weaker signals or thinner specimens are visualized.

 Spinning disk-Nipkow type (comparable to Perkin-Elmer UltraView RS5 and 
Leica SD6000 systems)—These systems are used in our laboratory for imaging pre- and 

early postimplantation embryos, as well as embryonic stem cells. This modality uses a pair 

of rotating disks each containing thousands of pinholes. Laser light is passed through these 

holes and is then projected to the specimen. The emitted light returns through the same holes 

providing a high-quality confocal image of the entire field of view. In this way the spinning 

disk confocal collects multiple points simultaneously rather than scanning a single point at a 

time, allowing for faster image acquisition. Spinning disk confocals, although much faster 

than point scanning confocals, are not considered faster than slit scanning but they do 

provide the least invasive imaging of the sample compared to all modalities discussed so far. 
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This gentle acquisition is attributed to the fact that the whole field is excited by laser 

illumination and detected on a CCD chip. The illumination is not focused at high power on 

any one spot on the sample. Many different CCD options allow for extremely low laser 

power imaging for long-term time lapses, hence providing a powerful tool for reduced 

phototoxicity in live cell imaging. However, image resolution is decreased compared to the 

slower point laser scanning systems. Moreover, spinning disk confocal acquisition is well 

suited for imaging single fluorophores, but it does not exhibit great multispectral flexibility. 

Additionally, a spinning disk confocal may not be the most ideal system for performing 

photoactivation and photoconversion experiments. There are two additional considerations 

regarding the use of a spinning disk: the multiple pinholes allow light from one point in the 

sample to appear in multiple pinholes when imaging deeper into a sample. Therefore, the 

optical sectioning is only discrete to approximately 20–40 μm of penetration depth. After 

this depth, the images are closer to standard epifluorescence than confocal sections. It should 

also be noted that the disk contains multiple pinholes that are not adjustable to different 

apertures for different magnification objectives. That means the spinning disk (at least the 

Yokogawa versions) is only taking ideal optical sections with a 100× objective. At 63× the 

optical section is equivalent to 2 Airy Units (a pinhole of 1 Airy Unit gives the best signal-

to-noise ratio), at 40× to 4 Airy Units and the lower the magnification selected, the closer the 

performance of the spinning disk to that of a standard fluorescence. Some spinning disk 

systems offer multiple disks with different size apertures depending on the magnification 

desired.

 Light sheet-based fluorescence microscopes (LSFM, SPIM, DSLM) (Hell, 
2003; Reynaud et al., 2008; Santi, 2011)—These modalities were further developed 

from spinning disk confocal systems and allow optical sectioning without illumination of the 

entire specimen (in contrast to point scanning confocal where the entire specimen is 

illuminated even though only a single focal plane is observed). As a consequence, 

phototoxic damage and photo-bleaching of the specimen is considerably reduced. The 

principle is to illuminate an xy plane at varying angles to the objective imaging the sample. 

This is achieved by moving the sample so that the optical sheet penetrates the sample at 

different angles. This modality becomes especially attractive when very thick specimens 

need to be visualized and other fluorescence techniques cannot be applied. The challenge is 

that the specimen has to be mounted in a device that can be rotated through 360°. A 

disadvantage for this sort of imaging is that it acquires a large amount of data which a 

computer needs to be able to render. Nevertheless, these methodologies are very attractive 

for imaging live embryos; to date these modalities have been used for zebrafish and 

Drosophila embryonic development and it is only a matter of time until they are used for 

mice (Huisken et al., 2006; Keller et al., 2008, 2010).

 Super resolution fluorescence microscopy—These modalities encompass recent 

advances in light microscopy providing increased spatial resolution and allowing the 

visualization of unobserved details of biological functions and processes. Two of these 

systems, photoactivated localization microscopy (PALM) (Betzig et al., 2006) and stochastic 

optical reconstruction microscopy (STORM) (Rust et al., 2006) are not currently suited for 

imaging samples such as embryos. Both techniques rely on photomanipu-lation of a 
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molecule within the specimen to activate fluorescence and then switch it off again to allow 

the concentration or localization of the original point of fluorescence. The challenge lies in 

the fact that the photoactiva-tion needs to take place at discrete x, y, and z coordinates. In a 

thick specimen, it would be impossible to identify the z plane from which the signal arises. 

However, the STED (stimulated emission depletion) technique could, in principle, be used 

for embryo imaging (Hell, 2003). The principle behind STED is to use a laser at one 

wavelength defocused slightly to compress or shrink fluorescent emission at a second 

wavelength thus providing higher resolution than a typical confocal image. The challenge is 

that two lasers of exact wavelengths must be used, and to date STED has only been 

demonstrated with certain fluorophores. It is also worth noting that to date only two color 

imaging is possible, and the cost of these systems is relatively high.

 Two- and multiphoton microscopy (Helmchen and Denk, 2005; So et al., 
2000)—Similarly to confocal systems multiphoton microscopes gather data originating 

from the focal plane within the specimen. Unlike confocals these microscopes only 

illuminate the focal plane rather than the entire specimen and they do not require pinholes. 

Therefore, multiphoton modalities are not considered part of confocal optical technologies. 

The basic principle for these systems is that the fluorophore is excited by two long-

wavelength photons that have to strike it simultaneously. The fluorophore will then emit 

light of shorter wavelength than that of the excitation light, which is a major difference 

compared to conventional fluorescence microscopy. Based on this principle, fluorophores 

from outside the focal plane should not be excited; that makes two- and multiphoton systems 

powerful tools for live imaging with reduced instances of specimen phototoxicity and 

photobleaching these microscopes are more costly and not as easy to use and imaging 

parameters have to be arranged prior to the start of experiment. Also, many red and far-red 

FPs cannot be used with these types of systems because of their long-wavelength excitation 

spectra. Moreover, it is more difficult to perform multi-fluorophore experiments with 

multiphoton systems because of the broad and overlapping excitation spectra. Nevertheless, 

a recent report showed application of two-photon microscopy for live imaging of 

preimplantation mouse embryos, providing a framework for application of this powerful 

technology for imaging mouse embryos at different stages and with various reporters 

(McDole et al., 2011).

For live cell imaging, systems should be preferably fitted on an inverted microscope base. 

The maintenance of an environment with a stable temperature, humidity, and gas 

concentration, which is absolutely essential for proper embryo culture, is difficult to achieve 

on an upright microscope configuration.

The conditions of stable temperature, humidity, and gas concentration are achieved with use 

of an environmental chamber that encloses the microscope (Fig. 18.5). These are 

commercially available but because of their high cost, in-house environmental chambers can 

also be manufactured.

Confocal-based microscopes should be equipped with appropriate objectives, usually dry 5×, 

10×, and 20× (with the latter also can be used multi-immersion), multi-immersion 40× and 

oil 63×. The 5× objective is used to scan the field of view and locate the embryos. The 10× 
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objective can be used for low-magnification 3D time-lapse imaging. The 20× and 40× 

objectives are the most suitable for high-magnification 3D time-lapse image acquisition. The 

63× objective is rarely used because it is too high a magnification to be suitable for whole 

embryo imaging. It is also worth considering different types of objectives and which might 

be most appropriate for live imaging. For example, Carl Zeiss provides two types of 

objectives: the Neofluar (Neo) lenses and the Plan Apochromat (Plan Apo) objectives. The 

Neo and Apo objectives provide different degrees of optical corrections (fluorite and 

apochromatic aberration correction respectively); the Apo objectives enjoy the highest 

correction for spherical and chromatic aberrations. Therefore, Neo objectives acquire a 

slightly thicker optical slice than the Apo series, meaning that when imaging through 

different z planes, each individual image is not as crisp but it is often brighter. However, the 

Apo lenses acquire a finer optical slice and each individual image is crisper. Specifically, the 

Apo lenses for the 63× objective have been developed for live cell imaging, providing 

optimal focus stability for time-lapse experiments.

Finally, a computer workstation(s) running appropriate software are needed for image 

acquisition and analysis. Software packages used for image acquisition often come with 

microscope systems and are available from Zeiss, Perkin-Elmer (Volocity), Molecular 

Devices (Metamorph). Software packages for image analysis are available from Bitplane 

(Imaris), Perkin-Elmer (Volocity), and Molecular Devices (Metamorph) websites to name a 

few. Image analysis can also be performed using open source applications such as ImageJ 

(http://rsbweb.nih.gov/ij/).

 4. Methodology

 4.1. Microscope setup

For live imaging of ex utero cultured embryos, inverted microscope systems are preferable. 

The microscope stage must be enclosed within an appropriate environmental chamber that 

will provide conditions closely resembling in utero development (Fig. 18.5). The chamber 

allows for embryo culturing with constant temperature at 37 °C as well as with humidity and 

stable gas content. The precise gaseous mixture comprising CO2/O2/N used for embryo 

culture depends on the embryonic stage (Fig. 18.1). Usually 5% CO2 is provided for all 

stages. Regarding oxygen concentrations, 5% O2 is used for preimplantation embryos and 

early postimplantation embryos (E5.5–E8 stages), and 20% O2 for later postimplantation 

embryos (E8.5–E10.5; Fig. 18.1).

The incubator should be turned on and allowed to come to temperature at least 1 h prior to 

starting an imaging experiment. Embryos within cultured media should be placed on glass 

coverslip chambers or culture dishes containing cover glass bottoms. Efficient imaging can 

only be acquired when the glass thickness does not exceed 1.5 mm (MatTek dishes or Lab-

Tek coverslip chambers). The culture dish should be covered with embryo-quality mineral 

oil to prevent evaporation during on-stage culture.

In general, UV and laser light originating from other excitation spectra could be harmful to 

living embryos. Therefore, parameters for image acquisition will need to be optimized to 

minimize toxicity to embryos. Setting up these imaging adjustments depends on the confocal 
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system being used. For example, when using slower point scanning confocal systems, laser 

power, and exposure time should be reduced whereas the size of the optical sections and the 

scan frequency can be increased to prevent photo-toxicity and photobleaching. Additionally, 

these adjustments greatly depend on the fluorophore that is used. Finally, imaging 

parameters also depend on the tissue or developmental stage being visualized.

 4.2. Collecting and culturing early mouse embryos

Protocols have been developed for ex utero culture of pre- and postimplan-tation mouse 

embryos. We briefly overview the steps that need to be followed for collecting and preparing 

on-stage (static) cultures for live imaging preimplantation as well as postimplantation 

embryos. We also describe how to prepare roller cultures as a way to achieve the most 

optimal ex utero conditions for the development of postimplantation embryos.

 Collection and on-stage culture of preimplantation embryos—After 

fertilization, mouse embryos float within the upper reproductive tract, making the process of 

sample recovery much simpler as compared to later postimplan-tation stages of 

development, which requires dissection. Culture conditions for preimplantation embryos are 

well established and require appropriate media, stable temperature, and gas content to 

resemble in utero conditions (Nagy et al., 2003). Briefly, preimplantation embryos are 

recovered in M2 media and cultured in KSOM media (both are commercially available by 

Millipore, Specialty Media). Both these media can also be made in-house (Nowotschin et 
al., 2010). In more detail:

i. Before starting the dissection of embryos, M2 and KSOM media are 

prewarmed at 37 °C. The glass bottom of a MatTek dish is covered with 

2% Bacto agar (BD Medical) supplemented with 0.9% NaCl in order to 

prevent embryos sticking to the glass. Around 300–500 microliters of 

KSOM are then placed on the agar surface and covered with mineral oil to 

prevent evaporation. The dish should be placed for at least 30 min in a 

humidified incubator with a stable temperature of 37°C, gassed with 5% 

CO2.

ii. The dish should not remain outside the incubator for long because changes 

in temperature and pH and exposure of the embryo in KSOM to 

atmospheric conditions are deleterious for culture.

iii. After sacrificing a pregnant female (Nagy et al., 2003), the oviduct (when 

recovering E0.5–E2.5 embryos) or the uterus (when recovering E3.5–E4.5 

embryos) is dissected and placed in prewarmed M2 media.

iv. The dish is then placed under a stereomicroscope. The oviduct/uterus are 

flushed with prewarmed M2 media. A blunt 30-gauge needle is inserted 

into the oviduct infundibulum for flushing the oviduct. A 1 mL syringe 

with a 30- or 26-gauge needle is used for flushing the uterus.

v. Embryos are collected using a mouth pipette attached to a Pasteur pipette 

that has been pulled over a bunsen burner (Nagy et al., 2003). They are 

then transferred through several microdrops of KSOM (to wash off 
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residual M2 media) and finally placed in equilibrated KSOM in the 

MatTek dish. It is essential that the zona pellucida of preimplan-tation 

embryos recovered after stage E2.5 has to be removed before they are 

placed on the MatTek dish; this can be performed by transferring the 

embryos through several microdrops of Acid-Tyrodes (Millipore, 

Specialty Media). A higher density of embryos enhances their 

development, thus embryos should be preferably transferred together.

vi. Embryos placed within the equilibrated KSOM microdrop can then be 

visualized (Fig. 18.6). The steps followed for live imaging are discussed in 

the next section. Under these on-stage culture conditions, development 

occurs ex utero from zygote to blastocyst stages (Nagy et al., 2003).

 Collection and on-stage culture of postimplantation embryos—Around 

embryonic stage E4.0, embryos begin to implant into the maternal uterus and continue their 

development with a continuous physical connection with the uterine wall. Briefly, 

postimplantation embryos are dissected free of the uterine tissues in culture media and then 

cultured in either roller culture conditions (for optimum ex utero culture) or on-stage (static) 

conditions. The latter being necessary for live imaging and acquisition of time-lapse data.

i. Dissecting media for collecting postimplantation embryos are 95% 

DMEM/F12 (1:1) (Invitrogen) supplemented with 5% newborn calf serum 

(Lonza). After sacrificing the pregnant female, the uterus is removed and 

placed in a dish containing prewarmed dissecting media.

ii. The uterus is placed under a stereomicroscope where embryos are 

dissected. Dissection details are provided in Nagy et al., 2003. Imperative 

for their ex utero development is that embryos are rapidly dissected and 

remain undamaged during dissection.

iii. Ex utero embryo culture media are DMEM/F12 (1:1) (Invitrogen) 

supplemented with GLUTAMAX (Invitrogen), 1% penicillin/streptomycin 

(Invitrogen/Ginco), and rat serum (Harlan Bioproducts or made in-house; 

Nowotschin et al., 2010). The percentage of rat serum varies depending on 

the embryonic stage (compare with Fig. 18.1). Prior to dissection, culture 

media are placed in a culture dish, covered with embryo-tested mineral oil 

and incubated for at least 1 h in a humidified incubator providing a stable 

temperature of 37 °C and 5% CO2.

iv. Embryos should be transferred with a transfer pipette into a dish with 

prewarmed culture media; and only the smallest amount of dissection 

media should be transferred along with the embryos into this dish. The 

dish should be incubated in an incubator providing 37 °C temperature and 

5% CO2 for 15–20 min for embryos to equilibrate in culture conditions, 

before they are set up for on-stage culture.

v. Prior to setting up an on-stage culture, the chamber enclosing the 

microscope stage should be switched on and prewarmed at 37 °C for at 

Xenopoulos et al. Page 12

Methods Enzymol. Author manuscript; available in PMC 2016 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



least 1 h. The dish prepared in the previous step is then transferred to the 

microscope stage and CO2 is immediately provided. Embryos are then 

ready for imaging, details of which are discussed in the next section (Fig. 

18.6).

Note: For some experiments, the embryo needs to be immobilized, so that specific regions 

are in close proximity to the objective and can be visualized (Fig. 18.6). To do this, embryos 

are suspended in culture using either suction holding pipette or in modified culture dishes 

(e.g., with a CoverWell chamber gasket). An eyelash can be inserted through a region not 

being imaged to position the embryo within the hole of the gasket (Fig. 18.6). After covering 

the media with mineral oil and transferring the dish to the microscope stage incubator (set at 

37 °C and providing 5% CO2), immobilized embryos are ready to be visualized.

 Roller culture of postimplantation embryos—Roller culture conditions, even 

though not suitable for time-lapse imaging, provide the best conditions for ex utero 
development of postimplantation mouse embryos. These conditions provide stable 

temperature and continuous gassing while the embryos move constantly within media.

• The roller culture incubator is prewarmed at 37 °C prior to setting up the 

culture. Also, culture media have to be appropriately mixed based on the 

embryonic stage (Fig. 18.1) and transferred into the roller culture bottles 

within the incubator to be equilibrated with the appropriate gas 

composition for at least 1 h prior to starting the culture.

• After collecting postimplantation embryos in dissecting media, embryos 

are transferred to roller culture bottles containing culture media, with 

approximately 1 mL of media per one embryo. Only the smallest amount 

of dissecting media should be transferred into the culture along with the 

embryos.

• If using a close system, culture tubes have then to be regassed and sealed 

and be placed on the rotator that is located within the incubator (details 

provided in Nowotschin et al., 2010).

• Culture media have to be regassed every 6 h (unless a roller culture system 

with a constant gassing is used) and may need to be replaced with freshly 

equilibrated media every 24 h.

Note: Live imaging of early postimplantation mouse embryos (E5.5–E6.0). Alternative 

media compositions have recently been reported for improved culture of very early 

postimplantation stage embryos (E5.5–E6.0) (Srinivas, 2010). Briefly, embryos are collected 

in prewarmed M2 media and stored for up to 1–2 h at 37 °C. The culture media used consist 

of a 1:1 mix of heat-inactivated mouse serum and CMRL medium (Invitrogen) 

supplemented with L-glutamine. DMEM can be used instead of CMRL, but CMRL appears 

to give more consistent results (Srinivas, 2010). After dissection, E5.5–E6.0 embryos are 

transferred in an equilibrated drop of culture media placed on cover glass-bottomed dish and 

covered with mineral oil. Embryos can then be visualized in static culture (on-stage) as 

described previously for pre- and postimplantation embryos.
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 4.3. Imaging early mouse embryos

For live imaging mouse embryos, laser power and exposure time should be decreased as 

much as possible to reduce the risk of photodamage. To prevent phototoxicity and ensure 

proper development, decreasing the frequency of scans and perhaps increasing the size of 

optical sections and scan speed also helps retaining embryo viability. For example, when 

using a point laser scanning confocal, bidirectional scan in “single track” mode, where all 

channels are acquired at once, can be performed to achieve faster acquisition. It is preferable 

to test these imaging parameters when visualizing the same fluorescent reporters in wild-

type embryos rather than directly experimenting on embryos of a hard to come by mutant. 

We usually prefer to image every 15–20 min optical sectioning of 2–4 μm, acquiring z-

stacks of up to 150 μm. However, imaging adjustments are determined empirically and 

depend on the microscope system used (e.g., point scanning vs. spinning disk), 

developmental stage of the embryo (e.g., the curvature of the embryo at certain 

postimplantation stages can increase the optical sections needed), and the brightness of the 

FP reporter. Bright fluorescent reporters are preferable for live imaging because the risk of 

phototoxicity and photobleaching of the fluorophore is reduced. It is also preferable to know 

of the exact excitation and emission maxima values of the FP reporter used. The wavelength 

of excitation should be close to the excitation maximum and the emission filters should 

capture as much of the emission spectrum as possible (ensuring a high signal-to-noise ratio).

Embryonic drift or movement during growth occurs and is problematic during time-lapse 

imaging acquisition. For example, preimplantation embryos float freely in the drop of 

culture media, whereas postimplantation embryos are buoyant, which makes them 

susceptible to small currents in the culture media and their heavier ectoplacental cone sinks 

toward the bottom of the dish often reorienting the embryo. To accommodate drifting, it is a 

good idea to set up a larger z-stack by extending the optical sectioning by several 

micrometers above and beneath the sample, in order to continuously visualize the embryo 

even if it slightly moves or grows. Specifically for imaging preimplantation embryos, the 

amount of media in the drop (too much or too little) can also affect embryo drift; it is worth 

trying to place several embryos together as it helps to immobilize them. For 

postimplantation embryos, only suction-holding pipette offers significant control over the 

orientation of the embryo. The choice of objectives is important; imaging with low 

magnification (e.g., 5×) could be advantageous when there is embryonic drift because the 

image field view may not be dramatically affected. Using such a low magnification does not 

permit high-resolution acquisition for single-cell resolution and thus, image analysis (e.g., 

cell tracking) can be problematic. Imaging with a higher magnification (e.g., 20× and 40 ×) 

is preferred for image analysis, but it may require monitoring the embryonic drift and 

adjusting the focus every few hours throughout the experiment. Alternatively, after time-

lapse imaging is complete, drift can sometimes be corrected using software for image 

analysis.

It is imperative to check for fluctuations in gas flow and temperature during an experiment, 

as they may have deleterious effects on development of the embryo or time-lapse image 

acquisition. Also, morphologic characteristics (such as the heart beating, etc.) of the embryo 

should be monitored during the imaging process. Finally, when a time-lapse imaging 
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experiment is complete the final morphological status of the embryo should be evaluated to 

ensure that development occurred normally, and that any defects occurred resulting from 

phototoxicity and/or photodamage.

 5. Conclusions

Live imaging FPs in vivo has provided an exciting and rapidly advancing method to study 

the dynamic processes occurring in the early mouse embryo. However, even though the most 

recently developed genetically encoded and photomodulatable FPs have been tested 

successfully in embryos of other model organisms, such as Xenopus, Drosophila, and zebra-

fish, their use for live imaging in mice has been limited. This could be attributed to the time-

consuming process for the generation of mouse transgenesis, as well as the higher levels of 

fluorescence needed for proper imaging and the increased risk of phototoxicity. Therefore, it 

is preferable to use the most recently developed and brightest FPs for generating reporter 

expressing mice. Bright FPs will allow for the usage of low laser power and faster image 

acquisition and thus low risk of phototoxicity. It is also imperative for a live fluorescent 

reporter to be developmentally neutral. Many FPs with oligomeric conformation cannot be 

fused to subcellular tags because they result in toxicity for the embryo. Therefore, 

development of monomeric variants for these FPs would be very desirable. Nevertheless, 

even the generation of monomeric FPs fused to tags can be problematic.

Despite the difficulties that can be encountered when generating FP reporter-expressing, 

strains of mice, the exciting studies that can be performed using FPs are definitely worth the 

risk. The field is rapidly moving forward; for example, the multicolored approach exploited 

in BrainBow mice for labeling and tracking individual cells within a population is attractive 

for live imaging and tracking individual cells or clones of cells in vivo, providing an 

alternative to fusion tags for certain applications (Livet et al., 2007; Snippert et al., 2010). 

Moreover, the generation of “fluorescent timers” that have been tested in live imaging 

applications in Caenorhabditis elegans and Xenopus embryos hold great potential for use in 

mice (Chen et al., 2010; Terskikh et al., 2000). These specific FPs can be used to monitor 

both activation and downregulation of target promoters and thus, trace time-dependent 

expression (Chudakov et al., 2010; Piatkevich and Verkhusha, 2010). This type of approach 

would be powerful when investigating fluctuations in protein levels over time in vivo.

We have provided a general overview of the state of the field of live imaging FPs in mouse 

embryos. The field is rapidly moving forward, with new and improved reporters being 

continually generated. We thus apologize to the many investigators, whose work has not 

been discussed due to space constraints.
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Figure 18.1. 
Development of (A) preimplantation and (B) postimplantation embryos. Requirements for 

dissection and culture media as well as gas content are shown for each embryonic stage. 

NCS, newborn calf serum; RS, rat serum; E, embryonic day (adapted from Nowotschin et 
al., 2010; with permission from Academic Press/Elsevier).
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Figure 18.2. 
Histone fusions to FPs provide nuclear labeling. (A) Schematic representation of cells 

expressing a histone (H2B) fusion to fluorescent protein. The H2B-FP remains bound to 

chromatin, thus providing nuclear labeling. Cells expressing this fusion reporter can be 

tracked as they divide, migrate, or undergo apoptosis. (B) Cartoon for time-lapse imaging of 

preimplantation mouse embryo expressing H2B-FP under the control of the Pdgfra-α locus. 

This reporter labels the progenitors of the primitive endoderm lineage that lies adjacent to 

the blastocoel cavity in the E4.5 stage preimplantation embryo. Dynamic cell processes, 

such as division, migration, and apoptosis can be tracked by using this reporter (Plusa et al., 
2008).
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Figure 18.3. 
Live imaging of multi-tagged mouse ES cell colonies. 2D images of an embryonic stem (ES) 

cell colony comprising two distinct transgenic cell populations expressing H2B-GFP ; myr-

RFP or H2B-mCherry ; GPI-GFP. 1: GPI-GFP; 2: H2B-GFP; 3: H2B-mCherry; 4: myr-RFP. 

Bright field (Bf) image (A), green channel (B), red channel (C), and merge of green and red 

channel (D).
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Figure 18.4. 
Schematic representation of photoactivation in an embryo constitutively expressing a 

photoactivatable fluorescent protein fused to a histone. Initially, all cells express the 

fluorescent protein, which remains however in a non-fluorescent state. Upon excitation of 

certain cells (within a region of interest, ROI) with short-wavelength high-power (UV or 

blue) laser, the fluorescent protein switches to a fluorescence emitting state. These 

photoactivated cells can then be tracked over time. Fusion of the fluorescent protein to a 

histone protein (e.g., H2B) provides single-cell resolution, and cell tracking of labeled 

nuclei.
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Figure 18.5. 
Microscope set up for static on-stage live imaging of mouse embryos. (A) Inverted point 

laser scanning confocal microscope and (B) inverted spinning disk confocal microscope. 

Both systems include an environmental chamber that encloses the stage and optics carrier 

and provides a heated, humidified, and gassed environment for on-stage embryo culture. 

Both microscopes are positioned on an anti-vibration air table (adapted from Nowotschin et 
al., 2010; with permission from Academic Press/ Elsevier).
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Figure 18.6. 
On-stage culture set-up and live imaging of pre- and postimplantation mouse embryos. After 

dissection, embryos are placed in culture media on glass-bottom dishes covered with mineral 

oil. The dishes are then positioned on the heated, humidified, and gassed microscope stage. 

Upper lateral section: preimplantation embryos are placed together in a drop of culture 

media covered with mineral oil. Bottom lateral section: postimplantation embryos are 

immobilized for on-stage culture using chamber gaskets. A region (for example the 

ectoplacental cone, see Nagy et al., 2003) is pierced with an eyelash, so that the embryo is 

immobilized and remains suspended in culture media in the hole of the gasket.
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Table 18.4

Types of confocal microscope used for live imaging mouse embryos

System configuration Advantages Disadvantages

Point laser scanning confocal Most commonly used, best out-of-focus 
exclusion, best resolution

Slow, decreased sensitivity, high risk of phototoxicity, 
expensive

Slit laser scanning confocal Fastest confocal, low risk of phototoxicity, 
high sensitivity

Low resolution

Spinning disk confocal Fast, most gentle confocal, low risk of 
phototoxicity

Low resolution, not ideal for very thick specimens, works 
best with only one fluorophore

Light sheet based fluorescent Ideal for very thick specimens, low risk of 
phototoxicity

Need for rotating device, huge amount of data are generated

Two- and multiphoton Low risk of phototoxicity Parameters need to be checked before experiment, red and 
far-red FPs cannot be used, difficult to perform multiphoton 
experiments
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	Point laser scanning (comparable to Zeiss LSM700 or 710 and Leica SP5 systems)—This is the most popular modality. It passes a single point of excitation laser light through a narrow cylinder across a specimen. The laser light illuminates all points of the specimen within the cylinder perpendicular to a specific focal plane. After excitation, fluorophores emit light that then passes through a pinhole. The pinhole functions to exclude light gathered from above and below the focal plane and provides a physical device to out-of-focus light. Thus, point scanning is less prone to be inaccurate because the pinhole function is not based on mathematical formulae (in contrast to deconvolution). A point scanning confocal is usually the system of choice in most laboratories because it provides good resolution and out-of-focus suppression as well as the highest multispectral flexibility. Point scanning with multispectral flexibility allows imaging of multiple probes simultaneously and is the most commonly used approach for performing photoactivation and photoconversion experiments. However, the process of image acquisition is relatively slow because of the time needed for the laser beam to scan the entire sample, which raises concerns about phototoxicity and photobleaching. For imaging live mouse embryos, it is preferable to increase the scan frequency and set up bidirectional xy scanning, thus resulting in a lower risk of photo-toxicity and photobleaching of the specimen. It is worth noting that the slower acquisition obtained with a point scanning confocal could be problematic for imaging fast biological dynamics in live specimens because there will always be a temporal difference from the pixel in the top left corner of the image to the bottom right pixel. Another point that should be taken into consideration regarding point laser scanning microscopy is the detectors used. The typical detector used is a Photomultiplier Tube (PMT). A PMT is less sensitive detector than a CCD camera based system. These devices are preferred because they acquire light quickly and allow the scanning speeds to be much faster than if they were acquired with a CCD. Therefore, commonly used point scanning confocal devices provide the best resolution, when thick specimens are visualized. The trade off is sensitivity, meaning that weaker fluorescent signals and thinner specimens do not resolve as well in point scanning modalities. Another disadvantage of point scanning confocal is its high cost due to the need for several lasers, each specific for only a subset of fluorophores. Slit scanning (comparable to Zeiss LSM7LIVE systems)—This modality allows for more rapid image acquisition because it passes a fine slit, rather than a point, of laser light across the specimen. A pinhole is again used for limiting the gathering of light originating only from the focal plane. Even though this type of system does not provide better resolution or suppression of out-of-focus light compared to point confocal, it is the system of choice when observing rapid processes (e.g. microtubule or cilia movement) and when samples are sensitive to phototoxicity or photobleach. Moreover, slit scanning (as well as spinning disk confocals, discussed next) use CCD detectors instead of PMTs for detection and do not exclude as much out-of-focus light as point scanning does, allowing for higher sensitivity, especially when weaker signals or thinner specimens are visualized. Spinning disk-Nipkow type (comparable to Perkin-Elmer UltraView RS5 and Leica SD6000 systems)—These systems are used in our laboratory for imaging pre- and early postimplantation embryos, as well as embryonic stem cells. This modality uses a pair of rotating disks each containing thousands of pinholes. Laser light is passed through these holes and is then projected to the specimen. The emitted light returns through the same holes providing a high-quality confocal image of the entire field of view. In this way the spinning disk confocal collects multiple points simultaneously rather than scanning a single point at a time, allowing for faster image acquisition. Spinning disk confocals, although much faster than point scanning confocals, are not considered faster than slit scanning but they do provide the least invasive imaging of the sample compared to all modalities discussed so far. This gentle acquisition is attributed to the fact that the whole field is excited by laser illumination and detected on a CCD chip. The illumination is not focused at high power on any one spot on the sample. Many different CCD options allow for extremely low laser power imaging for long-term time lapses, hence providing a powerful tool for reduced phototoxicity in live cell imaging. However, image resolution is decreased compared to the slower point laser scanning systems. Moreover, spinning disk confocal acquisition is well suited for imaging single fluorophores, but it does not exhibit great multispectral flexibility. Additionally, a spinning disk confocal may not be the most ideal system for performing photoactivation and photoconversion experiments. There are two additional considerations regarding the use of a spinning disk: the multiple pinholes allow light from one point in the sample to appear in multiple pinholes when imaging deeper into a sample. Therefore, the optical sectioning is only discrete to approximately 20–40 μm of penetration depth. After this depth, the images are closer to standard epifluorescence than confocal sections. It should also be noted that the disk contains multiple pinholes that are not adjustable to different apertures for different magnification objectives. That means the spinning disk (at least the Yokogawa versions) is only taking ideal optical sections with a 100× objective. At 63× the optical section is equivalent to 2 Airy Units (a pinhole of 1 Airy Unit gives the best signal-to-noise ratio), at 40× to 4 Airy Units and the lower the magnification selected, the closer the performance of the spinning disk to that of a standard fluorescence. Some spinning disk systems offer multiple disks with different size apertures depending on the magnification desired. Light sheet-based fluorescence microscopes (LSFM, SPIM, DSLM) (Hell, 2003; Reynaud et al., 2008; Santi, 2011)—These modalities were further developed from spinning disk confocal systems and allow optical sectioning without illumination of the entire specimen (in contrast to point scanning confocal where the entire specimen is illuminated even though only a single focal plane is observed). As a consequence, phototoxic damage and photo-bleaching of the specimen is considerably reduced. The principle is to illuminate an xy plane at varying angles to the objective imaging the sample. This is achieved by moving the sample so that the optical sheet penetrates the sample at different angles. This modality becomes especially attractive when very thick specimens need to be visualized and other fluorescence techniques cannot be applied. The challenge is that the specimen has to be mounted in a device that can be rotated through 360°. A disadvantage for this sort of imaging is that it acquires a large amount of data which a computer needs to be able to render. Nevertheless, these methodologies are very attractive for imaging live embryos; to date these modalities have been used for zebrafish and Drosophila embryonic development and it is only a matter of time until they are used for mice (Huisken et al., 2006; Keller et al., 2008, 2010). Super resolution fluorescence microscopy—These modalities encompass recent advances in light microscopy providing increased spatial resolution and allowing the visualization of unobserved details of biological functions and processes. Two of these systems, photoactivated localization microscopy (PALM) (Betzig et al., 2006) and stochastic optical reconstruction microscopy (STORM) (Rust et al., 2006) are not currently suited for imaging samples such as embryos. Both techniques rely on photomanipu-lation of a molecule within the specimen to activate fluorescence and then switch it off again to allow the concentration or localization of the original point of fluorescence. The challenge lies in the fact that the photoactiva-tion needs to take place at discrete x, y, and z coordinates. In a thick specimen, it would be impossible to identify the z plane from which the signal arises. However, the STED (stimulated emission depletion) technique could, in principle, be used for embryo imaging (Hell, 2003). The principle behind STED is to use a laser at one wavelength defocused slightly to compress or shrink fluorescent emission at a second wavelength thus providing higher resolution than a typical confocal image. The challenge is that two lasers of exact wavelengths must be used, and to date STED has only been demonstrated with certain fluorophores. It is also worth noting that to date only two color imaging is possible, and the cost of these systems is relatively high. Two- and multiphoton microscopy (Helmchen and Denk, 2005; So et al., 2000)—Similarly to confocal systems multiphoton microscopes gather data originating from the focal plane within the specimen. Unlike confocals these microscopes only illuminate the focal plane rather than the entire specimen and they do not require pinholes. Therefore, multiphoton modalities are not considered part of confocal optical technologies. The basic principle for these systems is that the fluorophore is excited by two long-wavelength photons that have to strike it simultaneously. The fluorophore will then emit light of shorter wavelength than that of the excitation light, which is a major difference compared to conventional fluorescence microscopy. Based on this principle, fluorophores from outside the focal plane should not be excited; that makes two- and multiphoton systems powerful tools for live imaging with reduced instances of specimen phototoxicity and photobleaching these microscopes are more costly and not as easy to use and imaging parameters have to be arranged prior to the start of experiment. Also, many red and far-red FPs cannot be used with these types of systems because of their long-wavelength excitation spectra. Moreover, it is more difficult to perform multi-fluorophore experiments with multiphoton systems because of the broad and overlapping excitation spectra. Nevertheless, a recent report showed application of two-photon microscopy for live imaging of preimplantation mouse embryos, providing a framework for application of this powerful technology for imaging mouse embryos at different stages and with various reporters (McDole et al., 2011).For live cell imaging, systems should be preferably fitted on an inverted microscope base. The maintenance of an environment with a stable temperature, humidity, and gas concentration, which is absolutely essential for proper embryo culture, is difficult to achieve on an upright microscope configuration.The conditions of stable temperature, humidity, and gas concentration are achieved with use of an environmental chamber that encloses the microscope (Fig. 18.5). These are commercially available but because of their high cost, in-house environmental chambers can also be manufactured.Confocal-based microscopes should be equipped with appropriate objectives, usually dry 5×, 10×, and 20× (with the latter also can be used multi-immersion), multi-immersion 40× and oil 63×. The 5× objective is used to scan the field of view and locate the embryos. The 10× objective can be used for low-magnification 3D time-lapse imaging. The 20× and 40× objectives are the most suitable for high-magnification 3D time-lapse image acquisition. The 63× objective is rarely used because it is too high a magnification to be suitable for whole embryo imaging. It is also worth considering different types of objectives and which might be most appropriate for live imaging. For example, Carl Zeiss provides two types of objectives: the Neofluar (Neo) lenses and the Plan Apochromat (Plan Apo) objectives. The Neo and Apo objectives provide different degrees of optical corrections (fluorite and apochromatic aberration correction respectively); the Apo objectives enjoy the highest correction for spherical and chromatic aberrations. Therefore, Neo objectives acquire a slightly thicker optical slice than the Apo series, meaning that when imaging through different z planes, each individual image is not as crisp but it is often brighter. However, the Apo lenses acquire a finer optical slice and each individual image is crisper. Specifically, the Apo lenses for the 63× objective have been developed for live cell imaging, providing optimal focus stability for time-lapse experiments.Finally, a computer workstation(s) running appropriate software are needed for image acquisition and analysis. Software packages used for image acquisition often come with microscope systems and are available from Zeiss, Perkin-Elmer (Volocity), Molecular Devices (Metamorph). Software packages for image analysis are available from Bitplane (Imaris), Perkin-Elmer (Volocity), and Molecular Devices (Metamorph) websites to name a few. Image analysis can also be performed using open source applications such as ImageJ (http://rsbweb.nih.gov/ij/).
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