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that act within the FBMN to regulate their movement. An exception is
the Wnt/PCP pathway component Prickle1b, which is expressed within
the FBMN and cell-autonomously required for their migration.21

Importantly, until now the analysis of FMBN migration has
focused on the identification of new genes and their function has pre-
dominantly been studied through stationary methods such as in situ
hybridization or antibody staining. However, in order to understand
the dynamics of FBMN migration and to identify the underlying
molecular and cellular mechanisms, high-resolution time-lapse analy-
sis of migrating motor neurons is required. In the following we will
describe how two-photon (2P) live imaging can help in studying
FBMN migration within the zebrafish hindbrain.

Imaging of FBMN Migration In Vivo

Zebrafish as a Model System to Study FBMN Migration

Why study FBMN migration in zebrafish? The zebrafish is a widely
used vertebrate model system, which produces large numbers of
embryos that undergo rapid development outside the mother.
Because zebrafish embryos are transparent, cell behaviors and interac-
tions can be easily monitored in live embryos using different
microscopy techniques (Fig. 1B). Moreover, the availability of stable
transgenic lines, such as the Tg(isl1:GFP) transgene to label FBMN,22

allows the ready visualization of distinct populations of cells in the
living organism. Finally, zebrafish are highly amenable for reverse and
forward genetic tools, facilitating the functional analysis of genes
involved in different developmental processes.

So far high-resolution live imaging of FBMN migration in
the zebrafish has been sparse mainly due to experimental limitations.
The FBMN are located relatively deep — around 100 µm — within
the embryo on the ventral side of the neural tube, in close proximity
to the floorplate (Fig. 1C). It is therefore difficult to image them with
standard laser scanning confocal microscopy. One way to circumvent
this problem has been to image hindbrain explants in culture,23 however,
it is not yet clear how much this culture system interferes with the
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migration of FBMN. Thus, in order to image FBMN at high resolu-
tion within the intact organism, we have focused on adapting and
developing microscopy techniques, such as 2P microscopy, suitable to
monitor cells deep within the tissue over extended periods of time.

2P Microscopy as a Tool to Study FBMN Migration

The expression of fluorescent proteins is usually analyzed with standard
laser scanning confocal microscopes to acquire high-resolution optical
images. A key feature of confocal microscopy is its ability to produce in-
focus images of thick specimens, a process known as optical sectioning.
However, mainly due to the scattering of light through the tissue, the
depth of observation is limited and it is thus difficult to study cells that
are located deep in a tissue and/or have relatively low levels of fluores-
cence. Furthermore, confocal imaging can cause photobleaching and
subsequent phototoxicity, limiting its use for time-lapse imaging of bio-
logical specimen. Multiphoton Fluorescence Microscopy is a relatively
novel imaging technique in cell biology which provides two major
advantages to regular confocal imaging.24 First, it allows the generation
of high-resolution three-dimensional images deep within live samples.
This is because multiphoton microscopy uses higher frequency light,
which can penetrate deeper into the tissue.25 Secondly, photobleaching
and phototoxicity are comparably low as multiphoton excitation only
occurs at the focal plane26 instead of in the entire light path through the
sample as is the case in standard confocal microscopy.27–29 There are also
some limitations to using multiphoton microscopy. The image resolu-
tion obtained with 2P excitation is not better than that achieved in a
well aligned confocal microscope and in thin specimens, photobleach-
ing in the focal plane is higher as compared to conventional laser
scanning microscopy.

Aspects of FBMN Migration Addressable by 2P Microscopy

Previous time-lapse analysis using standard laser scanning confocal
microscopy has already provided some insight into the cellular
basis of FBMN migration.16,23 It has been shown that FBMN have
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Digital scanned laser light sheet fluorescent microscopy (DSLM)
allows quantitative imaging with a higher imaging quality through
better illumination efficiency.35 In general, these setups are well suited
for large samples to study features that require high resolution imag-
ing over long periods of time. They might also be useful to study
FBMN migration in the zebrafish hindbrain, as they combine the
advantage of deep 3D imaging by low excitation energy with rela-
tively fast imaging speeds. However whether SPIM or DSLM provide
images with sufficiently high subcellular resolution to study the
migration behavior of FBMN remains to be addressed.

Spatial and Temporal Gene and Cell Manipulations

Apart from these new microscopy techniques, the development of tools
to control gene expression, manipulate gene function, and release
bioactive compounds in individual cells in a temporarily controlled
manner, would represent important improvements for the analysis of
FBMN migration. For example, photoactivatable fluorescent proteins
that exhibit pronounced light-induced spectral changes by near-
infrared femtosecond laser pulses can be used to label individual FBMN
or, potentially, the subcellular structures they contain.36,37 Another
possibility would be to use multiphoton excitation to release and thus
activate bioactive compounds, such as morpholino antisense oligonu-
cleotides, from a molecular cage in individual FBMN.38 Multiphoton
excitation is particularly suitable for the localized release of caged com-
pounds, since excitation is confined to a small volume within the focal
plane.26 Multiphoton excitation can also be used for cell ablation stud-
ies,39 providing insight into the function of individual FBMN and/or
the requirement of surrounding tissues for FBMN migration. Taking
advantage of the spatially confined activity of multiphoton excitation,
single cells can be ablated with only minimal damage to neighboring
cells and tissues. The ability to regulate gene expression in a cell-specific
and temporally controlled manner constitutes a powerful tool to ana-
lyze gene function in specific biological processes such as FBMN
migration. The most commonly used genetic tools to achieve this are
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the GAL4/UAS system established in Drosophila40 and other methods
taking advantage of site-specific recombinases such as the Cre/loxP sys-
tem, which are commonly used in mice.41 In principle, these systems are
available in zebrafish but have not yet been rigorously tested in the con-
text of FBMN migration.42,43 Alternatively, multiphoton laser excitation
would constitute a very suitable way to activate gene expression by
heating single cells containing genes under the control of heat shock-
inducible promoters.44 In the future, the combination of improved and
new imaging techniques and spatially and temporarily regulated cell
and gene manipulations will allow the study of neuronal migration in
greater detail.

Concluding Remarks

FBMN migration in the zebrafish hindbrain constitutes a promising
assay system to study the molecular and cellular mechanisms underly-
ing neuronal cell migration in development. Moreover, the use of 2P
microscopy to analyze FBMN migration has turned out to be
extremely useful to study their behavior on the subcellular levels deep
within the whole live developing embryo.
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