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Light-sheet fluorescence microscopy allows
neurobiologists to observe fundamental
biological processes in real time.
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major goal in developmental neurobiology is to

examine how complex neural structures form

and to understand the mechanisms that deter-

mine how neurons are connected in space and

time. Ideally, neurobiologists would like to un-
derstand the neurodevelopment of the human brain. That
organ, however, is insanely complex; it contains something
like 100 billion neurons and 100 trillion synapses.

The roundworm Caenorhabditis elegans is a much
more user-friendly organism. C. elegans possesses a well-
characterized nervous system comprising only 302 neurons,
of which 222 develop during the 14 hours of embryogenesis.
Despite the animal’s simplicity, many of the fundamental
processes of development in C. elegans are similar to those
in humans, so the roundworm makes for a good model or-
ganism. Yet capturing the entirety of neurodevelopment in
C. elegans during embryogenesis remains challenging. Imag-
ing must be gentle enough that the light illuminating the
sample doesn’t kill the embryo, fast enough to image through
muscular twitching, and sharp enough to
resolve individual neurites (a catch-all term
for the axons and dendrites that protrude
from the cell body of a neuron).

copy. It is an implementation of so-called light-sheet fluores-
cence microscopy (LSFM), a method that has been applied by
many groups for neurodevelopmental and other in vivo stud-
ies in zebrafish, flies, and several other organisms. The ver-
satile LSFM approach combines the best features of the two
traditional workhorses of biological fluorescence imaging:
wide-field microscopy and confocal microscopy.

In wide-field microscopy, the entire sample is illumi-
nated, and fluorescence from the imaging plane —determined
by the position of the objective lens—is captured by a wide-
field camera. To obtain three-dimensional images, one simply
steps through a series of image planes by moving the objec-
tive. In fact, the detected image plane includes both in-focus
and out-of-focus light. For that reason, wide-field microscopy
works best for thin samples; for thick samples, image quality
is compromised due to the out-of-focus light.

In confocal microcopy, the illuminating light is first fo-
cused onto a spot in the sample and the ensuing fluorescence
is imaged through a pinhole. As a result, out-of-focus light
does not reach the detector. For thick samples, confocal
microscopy provides better contrast than wide-field micros-
copy. But the point-by-point collection of the image makes
the process much slower. Both confocal and wide-field
microscopy are highly inefficient in that the sample is ex-
posed to potentially damaging light that never reaches the
camera. Neither is able to provide the gentle, fast, high-
resolution imaging that LSFM enables.

More than a century ago, Henry Siedentopf and Richard
Zsigmondy used light sheets to investigate gold particles in so-
lution. In 1993 Arne Voie, David Burns, and Francis Spelman
applied light-sheet microscopy to observe a fluorescent-dye
stained cochlea. Jan Huisken and colleagues jump-started the
field of LSFM with their 2004 study of medaka fish and fruit

Fast, focused, and friendly

Fluorescence microscopy, in principle, en-
ables long-term, noninvasive, and dynamic
monitoring of intact neurons. The neurons
are tagged with a material that fluoresces
in response to being excited by a laser. The
glowing fluorescence can then be imaged
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to map the neurons, or even neuron sub-
structures. Fluorescence microscopy is not
ideally suited to human brains, which are
large, opaque, and difficult to tag with fluo-
rescent dyes. But for the transparent and
readily labeled C. elegans, a new technique
we devised may allow us to chart the entire
development of the roundworm brain. We
call our approach diSPIM, for dual-view
inverted selective-plane illumination micros-
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Figure 1. Light-sheet fluorescence microscopy l" {
is a fast and gentle technique that produces high- - —
quality three-dimensional images. (a) A sample is illuminated with a sheet of light
that can be created, for example, by passing a laser beam through a cylindrical
lens or by scanning a rightward moving laser beam in the y direction. Mirrors

and lenses to the left of the illuminating objective lens shift the light sheet in the
z direction to enable 3D imaging. The fluorescence emitted by the sample passes
through the objective lens above the specimen to a wide-field camera. (b) A
modern light-sheet fluorescence microscope is shown.
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Figure 2. Dual-view inverted selective-plane illumination
microscopy (diSPIM) in action. (a) In the left panel, beads
are illuminated and recorded as in figure 1a; note the
much better resolution in the xy-plane. In the middle
panel, the roles of the two lenses in figure 1a are
reversed, and the resolution is better in the zy-plane.

A mathematical “joint deconvolution” of the two views
gives good resolution in all three dimensions (right
panel). (b-e) In these snapshots of Caenorhabditis elegans
embryogenesis as viewed in diSPIM, yellow arrows point
to growth cones—budding axons and dendrites—and
red asterisks indicate growing axons.

Two views are better than one

For wide-field, confocal, and light-sheet mi-
croscopy alike, the resolution detected in the
axial direction is poorer than the resolution
in the two other, orthogonal directions; that’s
a worry for those of us trying to visualize
submicron features in 3D. For example, in
our work we follow the growth of individual
neurons in C. elegans, and those cells often

form a complex and twisted 3D structure
within the embryo. We need good resolution
in all dimensions.

To achieve that goal, we acquire two
complementary views (the “dual view” of
the diSPIM technique) by swapping the roles
of the lens that produces the light sheet at the
sample and the one that detects fluorescence
for imaging onto the recording camera. A
mathematical analysis (called joint convolu-
tion) of the combined data gives good resolu-
tion in all dimensions, as shown in figure 2a.

flies, and now LSFM has come into its own as a tool for cell
biologists, developmental biologists, and neuroscientists.

In contrast to wide-field and confocal systems, most
LSFM systems have two objectives, as shown in figure 1. An
illuminating sheet of light passes through one lens on its way
to the sample. The resulting fluorescence passes through a
perpendicularly oriented objective before being imaged by a
wide-field camera capable of rapidly obtaining images with
high signal to noise. Because the illumination is confined to
a plane and shines on only a thin section of the sample, LSFM
is a gentle technique that achieves a contrast similar to that
obtained with confocal microscopy.

The light sheet itself can be generated in several ways.
The two most common methods are to use a cylindrical lens
to expand a laser beam in one dimension or to scan the pencil
beam in a direction orthogonal to the propagation direction.
The cylindrical-lens approach is easier to implement, but the
resulting light sheet is not terribly uniform in intensity. Scan-
ning a pencil beam generates a more uniform illumination;
moreover, one can modulate the intensity to create a struc-
tured illumination that improves resolution. In addition, the
scan can be synchronized with the operation of the detecting
camera, a move that can further cut down on the out-of-focus
light that is registered. On the other hand, with the scanning
method, at any given instant, the camera records a line of
light rather than a plane. So the scanning method is not as ef-
ficient as the cylindrical-lens approach. Also, scanning re-
quires a more intense beam, and so it is the less gentle of the
two principal approaches.
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Our diSPIM approach has enabled us to
clearly image the development of neurons in C. elegans
throughout the entirety of embryogenesis. Figures 2b-2e
show typical time-lapse images in which one can see struc-
tures as small as the “growth cones” that form as neurites de-
velop. We are optimistic that eventually we will be able to use
diSPIM to map the complete neurodevelopment of the em-
bryonic C. elegans brain. Hopefully, the lessons learned from
the roundworm and other organisms studied by our col-
leagues will apply to humans as well and thus help us better
understand how our own brains form.
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