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Imaging Morphogenesis:
Technological Advances and
Biological Insights

Philipp ]. Keller

Morphogenesis, the development of the shape of an organism, is a dynamic process on a
multitude of scales, from fast subcellular rearrangements and cell movements to slow structural
changes at the whole-organism level. Live-imaging approaches based on light microscopy

reveal the intricate dynamics of this process and are thus indispensable for investigating the
underlying mechanisms. This Review discusses emerging imaging techniques that can record
morphogenesis at temporal scales from seconds to days and at spatial scales from hundreds

of nanometers to several millimeters. To unlock their full potential, these methods need to be
matched with new computational approaches and physical models that help convert highly complex

image data sets into biological insights.

ertebrates and higher invertebrates start
as a single cell that develops into a fully

thousands to trillions of cells, which are arranged
in tissues and organs able to perform highly com-
functional organism comprising tens of  plex tasks. Understanding development as a
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function of cell behavior at this system-wide lev-
el is a central goal of biology. This investigation,
however, faces fundamental challenges, because
morphogenesis—i.e., the shaping of an organism
by cell movements, cell-cell interactions, collective
cell behavior, cell shape changes, cell divisions, and
cell death—is a dynamic process on multiple spatial
and temporal scales: from submicrometer and
subsecond dynamics of macromolecules inside
each cell, to changes of cell shape that occur on
the scale of micrometers within seconds, to cell
movements that take place over distances of tens
to hundreds of micrometers within minutes to
hours, to structural changes on the tissue- and
whole-organism level encompassing millimeter
to centimeter length scales and hours to days of
development (Fig. 1). Thus, the ability to capture,
simultaneously, the fast dynamic behavior of in-
dividual cells, as well as their system-level inter-
actions over long periods of time, is crucial for
an understanding of the underlying biological
mechanisms.
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64 cells (2 hpf)

Fig. 1. Spatiotemporal scales of morphogenesis. Morphogenesis, illus-
trated here for the zebrafish embryo, involves multiple spatial and temporal
scales: from fast, local cell shape changes and cell movements (A) to slow but
large-scale structural changes on the tissue- and whole-embryo level (B). Images
were recorded with digital scanned laser light-sheet microscopy (DSLM) and
simultaneous multiview light-sheet microscopy (SiMView) (2, 25). (A) Nuclei
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~50,000 cells (22 hpf)

(top) and membrane (bottom) dynamics in two different locations of a 2-hour-
old zebrafish embryo. Arrows and asterisks highlight examples of dividing cells.
(B) Whole-embryo projections of nuclei-labeled zebrafish embryos at different
developmental stages, showing the rapid increase in cell count and morpholog-
ical complexity in early embryogenesis. Insets: enlarged views of highlighted
areas. Scale bars: 20 um (A), 100 pum (B).
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Morphogenesis

In addition to tackling the spatial and tempo-
ral challenges associated with the observation of
single-cell to tissue-level morphological dynamics
(1-3), a comprehensive understanding of mor-
phogenesis requires quantitative measurements of
protein dynamics (4), changes in gene expression
(5-7), and (direct or indirect) readouts of physical
forces acting during development (8). Knowing the
spatiotemporal relationship of these core constitu-
ents is often the key to elucidating developmental
mechanisms. Live-imaging approaches based on
light microscopy are of central importance to ob-
tain such information at the system level and with
high spatiotemporal resolution (Fig. 2).

The development of advanced microscopy
technology for noninvasive in vivo imaging is
indispensable for advancing our understanding of
morphogenesis. It is now feasible to obtain com-
prehensive information on the cellular dynamics
in entire developing vertebrate and higher inver-
tebrate embryos throughout their development
(movies S1 to S10). It is possible to record cell
movements, cell shape dynamics, cell divisions,
and gene expression information simultaneously,
for the entire undisturbed living system. At the
same time, substantial efforts are underway to
experimentally characterize the biophysical prop-
erties of tissues, in particular the parameters de-
scribing their responses to external mechanical
forces and the adhesive behavior of their cel-
lular components (9).

With the emergence of powerful, new imag-
ing techniques that produce large image data
sets of complex developmental processes at un-
precedented detail, it is equally important to
devise new computational methods to analyze
such microscopy data in a biologically meaning-
ful way. By integrating biological material prop-
erties with comprehensive live-imaging data of
entire developing embryos at the subcellular
level, computational models of morphogenesis
with predictive power—projecting the tissue- or
even embryo-wide morphogenetic consequences
of genetic or mechanical perturbations—are fi-
nally within reach.

Challenges in the Live Imaging of Morphogenesis
Live-imaging applications require carefully bal-
ancing competing parameters (Fig. 3). High im-
aging speeds are required to capture fast cellular
processes and to facilitate effective live imaging
of large biological specimens. High spatial reso-
lution is needed to follow intracellular processes
or to resolve structural details of cell-cell inter-
actions. High signal-to-noise ratios are crucial to
obtain interpretable images and to robustly auto-
mate computational image analysis. Long obser-
vation periods are needed to capture continuous
data sets of nonstereotypic processes over rel-
evant developmental time scales. Comprehensive
physical coverage is required to follow develop-
mental events on the whole-organism level. Fi-
nally, low levels of light exposure are essential to
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reduce photobleaching of fluorescent markers and
minimize phototoxic effects that may impact nor-
mal development.

These key parameters are limited by funda-
mental physical and biological constraints that
are independent of microscope design. For ex-
ample, with a given amount of fluorescent pro-
teins, spatial resolution can be improved only at

the expense of temporal sampling, signal-to-noise
ratio, or maximum observation length, owing
to the higher light exposure of the sample and
increased rate of fluorescent protein consumption
(Fig. 3A). The optimal imaging method thus makes
maximum use of the parameter space that is al-
lowed. The requirement of practical applicability
to live observations of biological processes
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Fig. 2. Imaging-based study of morphogenesis. The imaging-based study of morphogenesis involves
optical methods, biotechnology, and biophysical measurements, as well as physical modeling and com-
putational approaches to image analysis. Specific examples of these general classes of techniques are
depicted in each box. Often, most—if not all—of these approaches are combined to arrive at a quanti-
tative understanding of morphogenetic processes. Clockwise, from top right panel: High-resolution Bessel
SR-SIM live imaging of myosin (green) and membranes (orange) in an early C. elegans embryo [reprinted
from (22)]; imaging (left, examples of groups of cells that share a central vertex highlighted in color) and
modeling (right, anterior visceral endoderm cells shown in green) of an early mouse embryo [reprinted
from (42)]; automated cell lineage reconstruction in the Drosophila syncytial blastoderm (top: whole
embryo, bottom: enlarged view) [reprinted from (25)]; global cell tracking in the early zebrafish embryo
[reprinted from (2)]; cell segmentation in an Arabidopsis flower [reprinted from (43)]; assay for measuring
mechanical parameters controlling cell-cell contact formation by ex vivo adhesion of progenitor cell dou-
blets [reprinted from (8)]; fluorescence image of purified proteins mHoneydew, mBanana, mOrange,
tdTomato, mTangerine, mStrawberry, and mCherry (from left to right) [reprinted from (33)]; SiMView live
imaging of a nuclei-labeled Drosophila embryo at the onset of gastrulation (top: dorsal view, bottom:
ventral view) [reprinted from (25)]; visualization of gene expression data obtained by two-photon imaging
of early Drosophila embryos (top: expression of gap genes fkh, gt, hb, kni, and Kr; bottom: expression of
kni, gt, hb, eve, ftz, and slp1 at different time points) [reprinted from (5)].
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(Figs. 3B and 4 and movies S11 to S15) often
favors an overall optimization of performance over
a microscope design that provides a substantial
improvement in a single parameter at the expense
of others. Although different live-imaging tech-
niques are qualitatively constrained by the same
fundamental trade-offs, they often exhibit substan-
tial performance differences as the direct result of
their methodological design.

Confocal fluorescence microscopes are cur-
rently the most commonly used imaging systems
with optical sectioning capability [the ability to
resolve three-dimensional (3D) structures]. This
mature, commercially available technology rep-
resents a state-of-the-art approach to studying
morphogenesis by live imaging and can resolve
biological processes on a multitude of spatial scales,
from subcellular to whole-tissue level (Fig. 4, B to
D, and movies S7, S9, S11 to S13, and S15).

In point-scanning confocal fluorescence mi-
croscopy, a beam of laser light is focused into the
specimen to excite fluorescent molecules. Fluo-
rescence light is generated especially, but not
exclusively, at the focus. To ensure that only flu-
orescence light originating from the small focal
volume is detected, a small pinhole in the detec-
tion system is used to block out-of-focus signal.
An entire 3D image can thus be recorded by
scanning the laser focus through the sample and
measuring the signal sequentially at each focus
position.

A major drawback of this concept is the very
inefficient use of light and fluorescent markers, as
well as the very high light exposure of the sam-
ple. At the same time, the point-scanning ap-
proach introduces a fundamental imaging speed
limit. The discovery of two-photon excitation
presents an effective approach to address the first
issue: Laser light at approximately twice the con-
ventional wavelength is used to excite fluorescence
only in the focal volume, where the power den-
sity is high enough to efficiently trigger multipho-
ton absorption. The use of this longer-wavelength
light also allows penetrating deeper into biolog-
ical tissues (/0) (Figs. 4A and 5, A and B, and
movies S1 and S14). However, in the conven-
tional implementation of this approach as a point-
scanning technique, it suffers from the same
limitations in speed and signal-to-noise ratio as
confocal fluorescence microscopy.

To address these limitations, a new fluores-
cence imaging method was developed that com-
bines intrinsic optical sectioning with wide-field
detection. This method, known as light-sheet mi-
croscopy (11, 12), allows entire multimegapixel
images to be acquired in a single, spatially con-
fined illumination step: In contrast to the point
excitation approach in confocal microscopy, an
entire micrometer-thin volume is illuminated with
laser light entering the sample from the side. The
fluorescence emitted by reporter molecules in this
thin volume is collected with an objective lens
oriented at a right angle to the light sheet.

www.sciencemag.org SCIENCE VOL 340 7 JUNE 2013

SPECIALSECTION

Movie S1, Imaging mesoderm spreading in the Drosophila embryo with point-scanning two-
photon microscopy. Dorsal (part 1) and posterior (part 2) views of a H2A-GFP expressing embryo are
shown. This movie was published previously (1). [Credit: McMahon et al. 2008 (1)]

Movie $2. Multiview imaging of zebrafish embryonic development with digital scanned laser light-
sheet microscopy (DSLM). The H2B-eGFP mRNA injected zebrafish embryo was imaged from the 64-cell
stage for 25 hours in intervals of 90 s (453,620 high-resolution images, 3.5 TB). This movie was
published previously (2). [Credit: Keller et al. 2008 (2)]

Movie $3, Third-harmonic generation (THG) imaging of the early zebrafish embryo. THG imaging
(1200 nm excitation wavelength) started in the one-cell stage. A sagittal thick slice is displayed.
Scale bar: 100 um. This movie was published previously (50). [Credit: Olivier et al. 2010 (50)]
Movie S4. Imaging Drosophila embryogenesis with two-photon light-sheet microscopy (2p-SPIM).
3D-rendered views of a fly embryo with GFP-labeled nuclei are shown over a period of 18 hours.
Scale bar: 100 um. This movie was published previously (24). [Credit: Truong et al. 2011 (24)]
Movie S5, Imaging a stage 16 Drosophila embryo with simultaneous multiview two-photon light-
sheet microscopy (2p-SiMView). The volume of a nuclei-labeled Drosophila embryo is shown slice by
slice. This movie was published previously (25). [Credit: Tomer et al. 2012 (25)]

Movie S6. Imaging Drosophila embryogenesis with simultaneous multiview light-sheet microscopy
(SiMView). The fly embryo with GFP-labeled nuclei was imaged for 17 hours in intervals of 30 s
(1,066,520 high-resolution images, 11 TB). This movie was published previously (25). [Credit:
Tomer et al. 2012 (25)]

Although this approach is derived from a
more than 100-year-old idea (/3), its outstand-
ing practical performance has been demonstrated
only recently (12). Light-sheet fluorescence mi-
croscopy provides substantially improved imaging

speed and signal-to-noise ratio, while minimiz-
ing the light exposure of the specimen (/4) (Figs.
1 and 5, C to F, and movies S2, S4 to S6, S8, and
S10). It is thus particularly well suited to biolog-
ical live-imaging applications (/5) and has an
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Morphogenesis

outstanding potential in the systematic, quanti-
tative study of development (2, /2) and function
(16, 17) of complex biological systems.

Novel Approaches and Recent Advances
in Light Microscopy

Confocal and two-photon fluorescence imaging ap-
proaches have gone through numerous iterations
of refinement and optimization over the course
of several decades. Powerful commercial sys-
tems are readily available, and recent conceptual
advances in light microscopy may soon open
the door to an entirely new generation of these
methods (/8-20). By contrast, the emerging field
of light-sheet microscopy still largely relies on
custom-built instruments, some of which have
been crafted as highly affordable hybrids by ex-
tending basic commercial imaging platforms with
custom light-sheet illumination modules (3). In
the past 2 years, the development of light-sheet—
based fluorescence microscopy has experienced
rapid progress, which is of particular relevance
to the imaging-based study of morphogenesis.
These advances address the most critical limi-
tations of conventional techniques; namely,
spatial resolution (27, 22) (Fig. 5D and movie
S10), imaging speed (3, 76, 23) (Fig. 5C and
movies S7 and S8), and optical access to de-
velopmental processes in nontransparent living
organisms (24-26) (Fig. 5, E and F, and movies
S4 to S6). By virtue of these new capabilities,
state-of-the-art light-sheet microscopes enable
the design of live-imaging experiments that were
previously not possible.

Spatial Resolution

Bessel beam light-sheet microscopy provides sub-
stantially improved spatial resolution (27). In con-
ventional scanned light-sheet microscopy, a
thin volume section of the sample is illuminated
by rapidly moving a weakly focused Gaussian
laser beam across the field-of-view (2). Because
the laser beam is oriented parallel to the recorded
plane, its thickness directly influences the axial
resolution of the microscope, which is typically
on the order of a few micrometers. By using
Bessel beams with a thinner central intensity
peak for specimen illumination, the axial resolution
can be substantially improved, to the point where
it becomes comparable to the typically much bet-
ter lateral resolution—on the order of 300 nm—of
the microscope (21). In addition, the use of Bessel
beams has been shown to reduce the overall amount
of scattering-induced image artifacts and improve
penetration of biological tissues (27).

The Bessel beam’s thin core is surrounded
by a series of concentric rings, which, if left
unaccounted for, will degrade image quality com-
pared to a recording made with Gaussian beams.
However, this issue can be mitigated, for exam-
ple, by using structured illumination (i.e., pat-
terned light for specimen illumination) (28, 29) or
two-photon excitation (27). Structured illumina-
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Movie S7Z, Imaging C. elegans embryogenesis with spinning-disk confocal microscopy. An embryo of the
BV24 GFP-histone strain was imaged at 1 volume/min. This movie was published previously (3).
[Credit: Wu et al. 2011 (3)]

Movie S8, Imaging C. elegans embryogenesis with inverted selective plane illumination microscopy
(iSPIM). An embryo of the BV24 GFP-histone strain was imaged at 30 volumes/min from the two-cell stage
until hatching. This movie was published previously (3). [Credit: Wu et al. 2011 (3)]

Movie S9, Imaging epithelium morphogenesis in the Drosophila dorsal thorax with spinning disk con-
focal microscopy. Dorsal thorax tissue expressing E-Cad:GFP was imaged between 11 and 35 hAPF in 5 min
intervals. The positions of macrochaetae and midline are indicated by white circles and by a black dotted
line, respectively. This movie was published previously (36). [Credit: Bosveld et al. 2012 (36)]

Movie S10, Imaging early C. elegans embryogenesis with Bessel beam super-resolution structured
plane illumination microscopy (SR-SIM). Membrane dynamics during early embryonic development (part 1)
and relationship between membrane morphology and myosin expression (part 2) are shown. This movie
was published previously (22). [Credit: Gao et al. 2012 (22)]

Movie 11, Imaging zebrafish epiboly with confocal fluorescence microscopy. Tg(actb1:GFP-utrCH) labeling
F-Actin was imaged throughout the course of epiboly (40-90% epiboly). Left: Lateral view. Right: Orthogonal
view. Scale bar: 100 um. This movie was published previously (37). [Credit: Behrndt et al. 2012 (37)]

Movie $12. Imaging actomyosin flows in zebrafish epiboly with spinning-disk confocal fluorescence
microscopy. Tg(actb1:myl12.1-eGFP) labeling Myosin-2 (left), injected with lifeact-RFP mRNA label-
ing F-Actin (middle), was imaged at 60 to 70% epiboly. Right: Dual-color merge. White rectangle
indicates region of magnified view (bottom). Scale bars: 10 pm. This movie was published previously
(37). [Credit: Behrndt et al. 2012 (37)]
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Movie 13, Imaging neural tube closure in the mouse embryo with confocal fluorescence microscopy.
Movie shows dorsal side of a 13-somite wild-type embryo expressing Ven™" highlighting cell mem-
branes. Scale bar: 100 um. This movie was published previously (51). [Credit: Massarwa and Niswander
2013 (51)]

Movie $14, Imaging the dynamics of adherens junctions during Drosophila dorsal fold formation with
point-scanning two-photon microscopy. An optical mid-sagittal section of the dorsal epithelium ex-
pressing E-Cadherin-GFP was imaged every 5 s from late cellularization to early gastrulation. This movie
was published previously (39). [Credit: Wang et al. 2012 (39)]

Movie $15. Imaging mouse development with confocal fluorescence microscopy. Time-lapse movie shows
rosettes forming in the visceral endoderm during anterior visceral endoderm (AVE) migration. AVE cells are
marked by Hex-GFP fluorescence (green). DIC images were acquired with the confocal’s transmitted light
PMT. Scale bar: 50 um. This movie was published previously (42). [Credit: Trichas et al. 2012 (42)]

Movie $16, Reconstructing zebrafish embryonic development from DSLM image data. Orthographic
rendering of the computational reconstruction of the data set shown in movie S2. Color-code indicates
movement speed of each nucleus (cyan to orange: 0 to 1.2 um/min). This movie was published

previously (2). [Credit: Keller et al. 2008 (2)]

tion in scanned light-sheet microscopy has been
shown to enable contrast enhancement in non-
transparent living specimens (30), where image
quality usually suffers from light scattering. By
combining Bessel beam light-sheet microscopy
with this type of illumination strategy, exception-
ally high spatial resolution, image contrast, and
signal strength can be achieved through subsequent
image reconstruction with algorithms previously
developed for superresolution structured illumi-
nation microscopy (SR-SIM) (22). In contrast to
typical superresolution approaches, this method
minimizes the energy load on the specimen, pro-
vides acquisition rates of hundreds of images per
second, and is applicable to living multicellular
specimens. Recently, this method has been used
to image cell shape dynamics in entire developing
Caenorhabditis elegans embryos at 200-nm lateral
resolution and 400-nm axial resolution (22), demon-
strating its potential for the study of morphogenesis
(Fig. 5D and movie S10, study “h” in Fig. 3B).
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Penetration Depth

Another key challenge in all light-based imaging
techniques is the fundamentally limited penetra-
tion depth of light in biological tissues, which
constrains imaging of large living specimens. Even
in relatively transparent tissues, conventional meth-
ods generally only reach depths of several tens to
a few hundreds of micrometers when using vis-
ible light. Strategies being developed to address
this limitation include the use of adaptive optics
(18, 31) and deep-tissue penetration by acousto-
optic fluorescence imaging (79, 32). For exam-
ple, through use of an approach to adaptive optics
in which the rear pupil of the objective lens is seg-
mented, substantial improvements in resolution
and signal strength have been achieved at depths
up to 400 um into mammalian tissue, thereby ad-
dressing typical limitations in penetration depth
arising from optical aberrations (/8). Moreover,
fluorescence imaging up to 2 mm deep inside high-
ly scattering media has recently been demonstrated

SPECIALSECTION

by modulating light propagation through the tis-
sue with ultrasound pulses (/9).

Penetration depth can also be increased by the
use of fluorescent probes excitable with light of
longer wavelengths (33, 34), in particular in the far
red or even infrared, where biological tissues gen-
erally scatter and absorb considerably less light and
thus appear more transparent. The concept of non-
linear excitation in two-photon microscopy takes
this idea one step further and constitutes a powerful
and well-established strategy to facilitate observa-
tions inside living specimens at greater depths than
are possible with conventional imaging approaches
(Fig. 5, A and B, and movies S1 and S14). The recent
introduction of nonlinear excitation in scanned light-
sheet microscopy combines the strengths of both
methods, enabling, for example, a twofold increase
in penetration depth in live imaging of Drosophila
embryos (24) (Fig. 5E and movie S4).

Imaging Speed and Spatial Coverage

By simultaneously recording multiple complemen-
tary views of the sample in a light-sheet microscope,
fast cellular dynamics can be rapidly imaged even
for large, nontransparent biological specimens
(25, 26) (Fig. S5F). This approach synergizes with the
use of nonlinear excitation (movie S5) and enables
quantitative analyses of biological processes at the
system level, such as comprehensive cell tracking
through the cell division waves in the blastoderm-
stage Drosophila embryo (25). In addition, light-
sheet-based simultaneous multiview imaging greatly
improves volumetric imaging speeds, providing
sustained image acquisition rates on the order of
175 million voxels per second. This performance
exceeds that obtained with state-of-the-art point-
scanning imaging techniques by a factor of 10 to
100 and enabled, for example, recording the mor-
phogenesis of entire Drosophila embryos at 30-s
intervals throughout their development (25) (movie
S6, study “b” in Fig. 3B). Considering that light-
sheet microscopy benefits directly from advances
in high-speed camera technology, such as the re-
cent progress in scientific complementary metal
oxide semiconductor (SCMOS) technology, a fur-
ther increase in imaging speed by at least a factor
of 10 can be expected in the near future (16).
The techniques discussed in this section have
been implemented only recently and, for the most
part, only proof-of-principle experiments have been
performed. Considering the high relevance of
their new capabilities for biological live-imaging
applications, these methods are likely to quickly
find their way into studies of morphogenesis.

Advancing Our Understanding of Morphogene-
sis with Live Imaging

The use of live-imaging strategies and their com-
bination with optical sample manipulation, com-
putational modeling, and quantitative image analysis
are indispensable for advancing our understanding
of the key mechanisms driving morphogenesis.
Imaging-based investigations enable, for example,
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Morphogenesis

cell lineage tracing in the developing organism (35),
analyzing the role of signaling pathways in di-
recting morphogenetic events (36), and studying
the role of physical forces in local and tissue-wide
morphogenetic changes (8, 37). The most frequent-
ly used model systems in such studies include the
fruit fly, zebrafish, and mouse (Fig. 4).

Fruit Fly

Drosophila melanogaster is a well-established mod-
el system in developmental biology, owing to the
exceptionally wide spectrum of readily available
genetic tools. However, resolving cellular dynam-
ics in early development requires imaging ap-
proaches with excellent optical penetration (Fig.
5A), because light is strongly scattered and ab-
sorbed in the Drosophila embryo (38).

Live imaging with two-photon fluorescence
microscopy is well suited to revealing dynamic
processes deep inside the embryo. Using this meth-
od, a link between differential positioning of
adherens junctions and the initiation of epithelial
folding was recently uncovered (39) (Fig. 4A
and movie S14). These observations (study “d”
in Fig. 3B) showed that by modulating epithelial
apical-basal polarity, adherens junctions shift ba-
sally in those cells that are about to initiate dorsal
transverse folds in the early Drosophila embryo.
This basal shift alters the shape of initiating cells
and forces the lateral membrane of adjacent cells
to bend toward the initiating cells (39).

For imaging superficial tissues, one-photon
excitation strategies are advantageous, as they
have the potential to yield excellent signal-to-
noise ratios at higher image-acquisition speeds.
Fast time-lapse imaging of the entire Drosophila

dorsal thorax with spinning-disk confocal micros-
copy (study “f” in Fig. 3B), in combination with
quantitative image analysis and physical model-
ing, provided new insights into the control of tis-
sue morphogenesis by signaling pathways (36)
(Fig. 4B and movie S9). This imaging-based ap-
proach revealed how the Fat/Dachsous/Four-Jointed
planar cell polarity (PCP) pathway controls mor-
phogenesis of the thorax. It linked the planar
polarization established via this pathway to the
generation of anisotropy of junction tension by the
myosin Dachs and demonstrated that this anisot-
ropy leads to oriented cell rearrangements (36).

Zebrafish

Zebrafish embryos and larvae lend themselves
particularly well to live-imaging studies using light
microscopy, owing to their optical transparency.

A recent multidisciplinary study combining
live imaging of zebrafish gastrulation with con-
focal fluorescence microscopy (Fig. 4C and mov-
ies S11 and S12), computational modeling, and
optical manipulation through laser ablation (Fig.
4C’) revealed the mechanism that allows the con-
tractile actomyosin ring to drive the spreading of
the enveloping cell layer over the yolk cell (37).
Detailed modeling of the forces acting during this
morphogenetic process, and time-lapse imaging
after local disruption of the actomyosin ring by
laser cutting (study “g” in Fig. 3B), showed that this
ring functions not only by circumferential contrac-
tion but also by a flow-friction mechanism. This
investigation thus advanced our understanding of
the function of actomyosin rings in epithelial mor-
phogenesis and shed new light on the role of cor-
tical flows in morphogenetic pattern formation (37).

A related study in the zebrafish model system
investigated cell-cell contact formation of pro-
genitor cells and combined these biophysical
measurements with in vitro and in vivo imaging
experiments of progenitor cell sorting (8). This
approach helped to clarify the different roles of
cell adhesion and cell cortex tension in driving
cell sorting during gastrulation: Cell adhesion is
needed to mechanically couple cortices at cell-
cell contacts and allows cell cortex tension to
control expansion of such contacts (8).

Mouse

The study of morphogenesis in mammalian
model systems is another field exhibiting rapid
progress. The mouse constitutes a leading mod-
el system in this respect, owing to its close ge-
netic and physiological similarities to humans
and the powerful tools available for manipulating
its genome. However, preparation and ex utero
culturing of mouse embryos for live imaging with
light microscopy are challenging, and sophisti-
cated imaging assays are required for light-based
analysis of this exceptionally light-sensitive or-
ganism (40) (movies S13 and S15). Consequent-
ly, many basic questions about the developmental
dynamics underlying mouse embryogenesis are
currently unanswered (47). When do morphogen
gradients form and start to act on cells? How do
the germ layers form on the cellular level? Are the
tissue boundaries evident in late stages already
established in the pool of early precursor cells?
Whole-embryo live-imaging assays have a
high potential to shed new light on mammalian
morphogenesis. For example, a recent study ex-
amined the role of rosettes—groups of five or
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Observation length 10° o2 10°F of @ b
= Large embryos S F . e
5 F b £ ’
£ =)
.- b oo oos H Morphogenesis of
5 107 .f c oC entire tissues/embryos
S c S 10'F
o L . T RS
106 E
£ Tissues or small embryos z Sub-cellular processes
© [ (7]
Temporal _ £ 10°F @ 9 b 2
resolution Spatial - £ °d e © I N of od
resolution 10¢ AN A oo o oot vl L.y
10' 10° 107 102 10° 102 10’ 10°

Signal-to-noise ratio

Fig. 3. Parameter space in light-based live imaging of biological
specimens. (A) The design of in vivo imaging experiments is fundamentally
constrained by the light-induced damage capacity of the biological system
(maximum allowed amount of light exposure before impacting the biological
process) and, for fluorescence microscopy, the total photon yield of the flu-
orescent markers in the specimen. Many imaging parameters, of which the
four most important ones are shown as the corners of the tetrahedron, com-
pete for these two resources and need to be carefully balanced to obtain
optimal results in a given experiment. Increasing one parameter intrinsically
reduces the maximum performance achievable for at least one of the other
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Spatial resolution (pm?)

Temporal resolution (s)

parameters. (B) Examples of specimen size, spatial resolution (provided as
theoretical size of focal volume), observation length, and temporal resolution
from eight imaging studies of morphogenetic processes: cell dynamics in
entire embryos [a, (2); b, (25); e, (3)], anterior visceral endoderm migration
[c, (42)], dynamics of adherens junctions [d, (39)], morphogenesis of pupal
thorax [f, (36)], actomyosin flows in the yolk syncytial layer [g, (37)], and mem-
brane dynamics in early embryos [h, (22)]. These examples involve different
model systems [zebrafish (a,g), fruit fly (b,d,f), mouse (c), nematode (e,h)] and
imaging techniques [DSLM (a), SiMView (b), confocal (c), two-photon (d),
iSPIM (e), spinning disk (f,g), Bessel SR-SIM (h)].
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more cells that share a common central vertex—
during migration of the anterior visceral endoderm
(Fig. 4D and movie S15) (42). The visceral endo-
derm in the egg-cylinder—stage mouse embryo
is a continuous epithelial sheet consisting of two

Fig. 4. Advancing our understand- |\
ing of morphogenesis with live im-
aging. (A) Morphology and cellular
dynamics during Drosophila dorsal fold
formation. Left: Scanning electron mi-
crographs of the dorsal surface in a late
Drosophila gastrula. Right: Confocal mid-
sagittal sections of Neurotactin (green)
and Runt (red) immunofluorescence.
(A") Two-photon time-lapse mid-sagittal
section of E-Cad:GFP (green fluorescent
protein). Arrows, junctions of initiating
cells in the anterior (AF, orange) and
posterior (PF, cyan) folds undergo ba-
sal shift. See movie S14. [Reprinted
from (39)] (B) Drosophila dorsal thorax
in adult (left) and pupa [right, 11 hours
after pupa formation (hAPF), without
pupal case]. White box indicates posi-
tion of thorax. (B") Drosophila pupa
dorsal thorax tissue expressing E-Cad:
GFP to label apical cell junctions, im-
aged by multiposition confocal micros-
copy (24 positions at 5-min resolution).
The scutellum is magnified at the left

(boxed region). (B") Cell-level measure- [N

ments at 11 hAPF. Colors: cell apex
area, blue (10 um?) to red (60 um?);
cell shape anisotropy, green (0.1) to
brown (0.6). See movie S9. [Reprinted
from (36)] (C) Actomyosin ring mor-
phogenesis and function in zebrafish.
In Tg(actb1:myl12.1-eGFP) embryos at
40% epiboly (left), an initially diffuse
and broad actomyosin band (orange
bar) narrows along the animal-vegetal
axis to form a distinct cable-like struc-
ture at 70% epiboly (right). (C') Local
disruption of the actomyosin ring in
Tg(actb1:myl12.1-eGFP) embryos at 60%
epiboly by consecutive ultraviolet-laser
ablation (white dashed rectangle, left)
reduces advancement of the adjacent
EVL margin (dark blue, right). EVL, en-
veloping cell layer; YSL, yolk syncytial
layer. See movies S11 and S12. [Re-
printed from (37)] (D) Abnormal migra-
tion of anterior visceral endoderm (AVE,
marked with dotted line in panels to
the right) and cellular geometry in
mouse mutants with disrupted PCP sig-
naling. Top: En face and profile view
of a representative wild-type embryo,
illustrating stereotypical ordered mi-
gration of AVE cells. Bottom: En face
and profile views of an equivalent stage

Zebrafish

4" g $_t~ 2 "”‘51?"'
£ bty »
AF f 3

regions with very different cellular behaviors:
One exhibits cell movement and intercalation,
whereas the other is essentially static. By using
time-lapse imaging with confocal microscopy
(study “c” in Fig. 3B) and computational mod-
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eling, rosettes were found to facilitate ordered
migration of the anterior visceral endoderm cells
within the dynamic region of the epithelium. In-
terestingly, the rosettes are not formed passively
but rather as a result of PCP signaling and buffer the

f

3

e
Pl )

D Wild-type frontal Wild-type profile

ROSA26""ces frontal ROSA26"™Cels! profile

ROSA26™™ 5™ mutant, showing abnormal AVE migration. AVE cells appear to have broken into several groups and are spread much more broadly. Magenta: cell
outlines (staining for ZO-1); green: AVE cells (Hex-GFP), gray: nuclei (DAPI, 4°,6-diamidino-2-phenylindole). See movie S15. [Reprinted from (42)] Scale bars: 250 um

(B), 100 um (8", ©), 50 um (C, D), 10 um (A).
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Morphogenesis

disequilibrium in cell packing generated by
movement of cells in only one part of the epi-
thelium (42).

With the demonstrations of system-level im-
aging of morphogenesis in fruit fly (24-26) and

Fig. 5. Emerging imag-
ing techniques for the
study of morphogenesis.
(A) In contrast to one-photon
laser-scanning confocal
microscopy (1p-LSM, top),
two-photon laser-scanning
microscopy (2p-LSM, bot-
tom) captures internalized
mesoderm cells in histone-
GFP—expressing Drosophila
embryos. See movie S1.
[Reprinted from (1)] (B)
Simultaneous multicolor
two-photon [2p-LSM, blue:
endogenous fluorescence,
green: GFP, red: RFP (red
fluorescent protein)] and
third-harmonic generation
(THG) imaging of a de-
veloping Drosophila em-
bryo. Panels to the right
show inner (left) and outer
(right) views of the pos-
terior pole region. [Re-
printed from (20)] (C)
High-speed inverted se-
lective plane illumination
microscopy (iSPIM) imag-
ing (30 volumes/min) of a

iSPIM

zebrafish (2), the combination of powerful mam-
malian embryo culture systems with emerging
in vivo imaging technologies will open the door
to similar approaches also for mammalian model
systems.

THG + 2p-LSM

60 min

240 min

nuclei-labeled C elegans
embryo. (C') Comparison
of iSPIM (sampled every
25, shown every 6 s) and
spinning disk (SD) confo-
cal microscopy (sampled
every 60 s) images. See
movies S7 and S8. [Re-
printed from (3)] (D)
Bessel plane SR-SIM high-
resolution imaging of
a membrane-labeled
C. elegans embryo. Box
in top left panel high-
lights region shown to
the right. (D') In contrast
to Bessel plane SR-SIM,
spinning disk confocal
microscopy images show
rapid loss of signal and
resolution at depth. See
movie S10. [Reprinted
from (22)] (E) Comparison
of two-photon light-sheet
microscopy (2p-SPIM), one-

Fruit fly

photon light-sheet microscopy (1p-SPIM) and two-photon laser-scanning
microscopy (2p-LSM) images of nuclei-labeled Drosophila embryos (left/right:
lateral/axial slices). See movie S4. [Reprinted from (24)] (F) SiMView of an
entire nuclei-labeled Drosophila embryo. In contrast to single-view light-

1234168-8

D, right).

Computational Image Analysis and Modeling of
Morphogenesis: The Next Frontier

The emergence of powerful live-imaging techniques
has turned the generation of large information-rich
image data sets of complex biological processes

Axial slice

Axial slice

Fruit fly ™™

sheet microscopy, which captures only ~30% of the embryo (red), SiMView
provides full physical coverage (blue). See movies S5 and Sé. [Reprinted
from (25)] Scale bars: 50 um (B, E, F), 10 um (C), 5 um (D, left; D'), 2 um (C’;
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into a routine task. Advanced light-sheet micro-
scopes can record dozens of terabytes of data
and millions of high-resolution images per day
(25). The size of a single whole-embryo imaging
experiment obtained with this methodology is
comparable to that of the entire book collection
of the U.S. Library of Congress. The sheer vol-
ume of these recordings thus demands automated
approaches of computational image analysis to
convert the raw image data into biologically
meaningful representations.

However, the tasks needed to extract quanti-
tative information about cell morphology and cell
behavior from such data are usually complex and
technically challenging. Typical requirements in-
clude 3D cell shape segmentation (43), accurate
cell tracking over time and through cell divisions
(25, 44), quantification of expression levels of
genes of interest (3, 45), and subcellular localiza-
tion of proteins (39). For example, to quantitatively
follow the formation and arrangement of the tens
of thousands of cells in a one-day-old zebrafish or
fruit fly embryo (Fig. 1B), ~100 million cell posi-
tions need to be determined from several thousand
volumetric whole-embryo image stacks (movie
S16, study “a” in Fig. 3B), considering that a tem-
poral sampling of at most 30 to 60 s is needed to
keep up with the speed of cell movements (2, 25).
Even when focusing only on morphogenetic pro-
cesses in a single tissue, the computational chal-
lenges are still immense. Speed and scalability of
computational methods have thus become as im-
portant as their accuracy and robustness.

This first layer of image analysis typically
marks only the beginning of the postexperiment
analysis. Powerful visualization tools (46, 47) and
physical modeling (48) are subsequently needed
to interpret the resulting data and test mech-
anistic hypotheses. To reach a system-level under-
standing of morphogenesis and its multiscale
character, the transition from qualitative to quan-
titative analyses of the underlying biological pro-
cesses is of key importance. Thus, to keep up
with fundamental advances in imaging capa-
bilities, it is now equally important to conceive
of new concepts and powerful computational
methods to mine the resulting high-content data
sets. With the availability of system-level data on
cell behavior, gene expression, and likely soon
also biophysical tissue properties, we are reach-
ing the point at which it will be feasible to de-
velop computational approaches that incorporate
these data into a single model capable of dis-
secting morphogenesis on the whole-organism
level (15).

Future Directions

The nature of key breakthroughs in developmental
biology in recent years demonstrates that further
advancing our understanding of morphogenesis
is intrinsically linked to advances in live-imaging
technology, development of new approaches to
computational data analysis, and seamless inte-
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gration of physical modeling. It has finally become
possible to image entire vertebrate and higher
invertebrate embryos throughout their develop-
ment at a spatiotemporal resolution that enables
comprehensive cell tracking, systematic analysis of
cell fate determination, reconstruction of single-
cell to whole-tissue morphologies, and systematic
dissection of the role of physical forces in shaping
the developmental building plan.

In coming years, further advances in micros-
copy technology are expected with high rele-
vance to a wide spectrum of applications in the
study of morphogenesis. Ongoing efforts are aimed
at advancing deep-tissue in vivo imaging, improv-
ing spatial resolution, and increasing temporal
sampling. These capabilities will open up excit-
ing new possibilities. For example, resolving the
fine spatiotemporal dynamics of subcellular pro-
cesses on the whole-tissue level will help to elu-
cidate the molecular mechanisms underlying tissue
morphogenesis. High-speed volumetric imaging
will give access to both development and func-
tion of complex biological systems at the same
time, from individual tissues and organs, such as
the developing heart (/7), to entire organ sys-
tems, such as the nervous system (/6). Existing
assays in light-sheet microscopy already reveal
cell behavior on the whole-embryo level, but fur-
ther improvements, in particular with respect to
imaging speed, will make it possible to also system-
atically measure functional properties of devel-
oping tissues, and thus, to determine the reciprocal
effect on development.

Combining advanced imaging methods with
powerful computational tools will enable not only
system-level analyses of morphogenesis but also
entirely new experimental approaches. Real-time
cell segmentation and cell lineage reconstruc-
tions during live imaging of embryonic develop-
ment could guide functional interference—for
example, by using cell positions and computation-
ally predicted cell identities for targeted optical
manipulation with laser ablation or optogenetics.
Such approaches could be used for the system-
atic dissection of functional relationships in the
developmental building plan on the whole-
embryo level.

Imaging-based studies of morphogenesis
will also greatly benefit from the development
of new fluorescent probes and sensors, includ-
ing highly photostable and bright infrared flu-
orescent proteins for deep-tissue imaging, novel
fluorescent timer proteins for visualizing signal-
ing and other processes based on protein age and
turnover (4), and genetically encoded sensors for
the quantitative in vivo measurement of physical
forces (49).

Combining the experimental capabilities and
theoretical approaches of these different disciplines
will be an indispensable step toward the estab-
lishment of a quantitative model of the develop-
ing embryo and, thus, a system-level understanding
of morphogenesis.
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Morphogenesis

REVIEW SUMMARY

Imaging Morphogenesis: Technological
Advances and Biological Insights

Philipp ]. Keller

Background: Our understanding of developmental processes relies fundamentally on their in vivo
observation. Morphogenesis, the shaping of an organism by cell movements, cell-cell interactions,
collective cell behavior, cell shape changes, cell divisions, and cell death, is a dynamic process on many
scales, from fast subcellular rearrangements to slow structural changes at the whole-organism level.
The ability to capture, simultaneously, the fast dynamic behavior of individual cells, as well as their
system-level interactions over long periods of time, is crucial for an understanding of the underlying
biological mechanisms. Arriving at a complete picture of morphogenesis requires not only observation
of single-cell to tissue-level morphological dynamics, but also quantitative measurement of protein
dynamics, changes in gene expression, and readouts of physical forces acting during development.
Live-imaging approaches based on light microscopy are of key importance to obtaining such informa-
tion at the system level and with high spatiotemporal resolution.

Advances: Live imaging with light microscopy requires carefully balancing competing parameters,
among which spatiotemporal resolution and light exposure of the living specimen are chief. To maxi-
mize the quantity and quality of information extracted from the specimen under observation, opti-
mal use must be made of the limited number of photons that can be collected under physiological
conditions. Emerging techniques for noninvasive in
vivo imaging can record morphogenetic processes at
temporal scales from seconds to days and at spatial
scales from hundreds of nanometers to several mil-
limeters, with minimal energy load on the specimen.
These approaches are able to capture cellular dynamics
in entire vertebrate and higher invertebrate embryos
throughout their development. It has become possible
to follow cell movements, cell shape dynamics, subcel-
lular protein localization, and changes in gene expres-
sion simultaneously, for the entire undisturbed living
system. The application of these methods to the study
of morphogenesis in the fly, fish, and mouse has led to
fundamental insights into the mechanisms underlying
epithelial folding, the control of tissue morphogenesis
by signaling pathways, and the role of physical forces in
local and tissue-wide morphogenetic changes.

Outlook: Current efforts in microscopy technology
development are aimed at advancing deep-tissue
in vivo imaging, improving spatial resolution, and
increasing temporal sampling. To unlock their full
potential, these methods need to be matched with
new computational approaches and physical models
that help convert the resulting, highly complex image
data sets into biological insights. With the availability
of system-level data on cell behavior and gene expres-
sion, and the potential for a system-level analysis of
biophysical tissue properties, we are reaching the
point at which it will be feasible to develop computa-
tional approaches that incorporate these data into a
single model capable of dissecting morphogenesis at
the whole-organism level.

Live imaging of embryonic development.
Nuclei-labeled Drosophila (top) and zebrafish
(bottom) embryos were imaged with a simulta-
neous multiview light-sheet microscope (SiM-
View). The embryos are shown at 3 and 22 hours
postfertilization, respectively. Color indicates
depth in the image. Scale bars: 50 pm.
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