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Abstract In light sheet-based fluorescence microscopy
(LSFM), only the focal plane is illuminated by a laser light sheet.
Hence, only the fluorophores within a thin volume of the spec-
imen are excited. This reduces photo-bleaching and photo-toxic
effects by several orders of magnitude compared with any other
form of microscopy. Therefore, LSFM (aka single/selective-
plane illumination microscopy [SPIM] or digitally scanned light
sheet microscopy [DSLM]) is the technique of choice for the
three-dimensional imaging of live or fixed and of small or large
three-dimensional specimens. The parallel recording of millions
of pixels with modern cameras provides an extremely fast acqui-
sition speed. Recent developments address the penetration depth,
the resolution and the recording speed of LSFM. The impact of
LSFM on research areas such as three-dimensional cell cultures,
neurosciences, plant biology and developmental biology is in-
creasing at a rapid pace. The development of high-throughput
LSFM is the next leap forward, allowing the application of
LSFM in toxicology and drug discovery screening.
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Principles of light sheet-based fluorescence microscopy

Light sheet-based fluorescence microscopy (LSFM) is revo-
lutionizing the live imaging of three-dimensional (3D) cell
cultures and of both live and fixed whole-mount tissue spec-
imens. Zsigmondy and Siedentopf are the acknowledged in-
ventors of the first light sheet-based microscope, the Bslit-
ultramicroscope^ (Mappes et al. 2012). In the 1902 ultramicro-
scope, the diffraction-limited light sheet was obtained by focus-
ing the sunlight passing an adjustable horizontal slit aperture
(Siedentopf and Zsigmondy 1902). Zsigmondy employed the
ultramicroscope to answer fundamental questions in colloids
physics. This work earned him the 1925 Nobel Prize in chem-
istry. However, Zsigmondy could not exploit an important
property of modern light sheet-based microscopy, namely the
possibility of producing images with a greatly increased depth
of field by translating the specimen along the detection optical
axis. This principle was applied, for the first time, in the Bdeep-
field microscope^, a low-magnification and low-numerical-
aperture (N.A.) scanning light sheet microscope that was devel-
oped and patented in the 1960s (McLachlan Jr 1964, 1968),
which was suitable for the imaging millimeter-sized non-
biological specimens. The orthogonal-plane fluorescence opti-
cal sectioning macroscope (OPFOS; Voie et al. 1993; Voie and
Spelman 1995; Voie 2002) and the confocal theta microscope
(Stelzer and Lindek 1994) are the closest forerunners of modern
LSFM. TheOPFOSmacroscope is the first system employing a
cylindrical lens to produce a light sheet and to combine fluo-
rescence contrast with light sheet macroscopy. The confocal
theta microscope anticipates several theoretical and technical
solutions that appear inmost of themodern LSFM set-ups, such
as water-dipping high N.A. objective lenses (e.g., Carl Zeiss
40×, N.A. 0.75) for both illumination and detection, multiview
microscopy by independent observation of the specimen from
several sides and a glass capillary serving the mounting and
positioning of the specimen.
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Modern LSFM takes advantage of a modern charge-
coupled device (CCD) and complementary metal oxide semi-
conductor (CMOS) cameras, which allow massive and paral-
lel acquisition of millions of pixels, extremely fast recording,
excellent dynamic range, high-quality imaging and high sen-
sitivity. The principle and rationale of LSFM are summarized
in Fig. 1. The light sheet is generated by employing a cylin-
drical lens to form a static light sheet in a single/selective plane
illumination microscope (SPIM; Huisken et al. 2004) or a
rapidly scanned, diffraction-limited laser line in a digitally
scanned laser light sheet-based fluorescence microscope
(DSLM; Keller et al. 2008a, b; Tomer et al. 2012). The light
sheet of a DSLM is not only generated dynamically but in
contrast to the static light sheet of a SPIM, it is incoherent
and, therefore, less affected by scatter. Thus, specimen-
induced imaging artifacts are reduced. Structured illumination
is easily implemented and, in combination with simple imag-
ing processing algorithms, strongly improves the image qual-
ity (Breuninger et al. 2007; Neil et al. 1997). Current set-ups

provide live imaging of extremely large specimens such as
cellular spheroids, whole brains and complete plants at cellu-
lar resolution (Ahrens et al. 2013; Lucas et al. 2013; Maizel
et al. 2011; Rosquete et al. 2013; Sena et al. 2011).

The most recent advances further improve the performance
of LSFM in terms of acquisition speed and image quality.
New technical variations, which improve specific features of
LSFM, are published and demonstrated on an almost monthly
basis. Among these are the multidirectional SPIM (mSPIM)
and four-lens SPIM (MuVi-SPIM, SiMView), which boost the
recording speed of in toto developmental biology studies
(Huisken 2012; Krzic et al. 2012; Tomer et al. 2012; Weber
and Huisken 2012) and LSFM based on multiple interfering
Bessel beams (Chen et al. 2014). Bessel beams (Chen et al.
2014; Fahrbach et al. 2013b; Fahrbach and Rohrbach 2010,
2012; Gao et al. 2012, 2014; Olarte et al. 2012; Planchon et al.
2011) allow one to generate thinner light sheets at the expense
of higher illumination angles and higher laser power.
Incoherent extended focusing (Dean and Fiolka 2014) and

Fig. 1 Rationale of light sheet-based fluorescence microscopy (LSFM).
The laser light sheet illumination and wide-field detection of the
fluorescence signal at 90° provides optical sectioning (top right). The
combination of the point-spread functions (PSF) of the excitation and
detection systems (top left) provides a PSF that has an axial extent smaller
than that in a confocal microscope equipped with low-numerical-aperture
(N.A.) or mid-N.A. objective lenses. The use of a high performance and a
fast charge-coupled device (CCD) and complementary metal oxide
semiconductor (CMOS) cameras provides an extremely versatile

microscope that is well suited for the long-term imaging of live
three-dimensional systems. The applications range from single molecule
biophysics and disperse systems to three-dimensional cultures and
developmental biology (FCS fluorescence correlation spectroscopy,
FLIM fluorescence lifetime imaging, FRET Förster resonance energy transfer,
FRAP fluorescence recovery after photobleaching, SIM structured illumination
microscopy, PALM photo-activated localization microscopy, STORM
stochastic optical reconstruction microscopy)
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two-photon scanned SPIM (Fahrbach et al. 2013a; Cella
Zanacchi et al. 2013; Mahou et al. 2014; Truong et al. 2011)
improve the penetration depth but increase the thickness of the
light sheet and expose the specimen to extremely high laser
powers. Recently, confocal slit detection was combined with
scanned light sheet microscopy. Both scanned Gaussian
beams (Baumgart and Kubitscheck 2012; Silvestri et al.
2012) and Bessel beams (Fahrbach and Rohrbach 2012;
Zhang et al. 2014) were employed in these studies for light
sheet excitation. Confocal slit detection significantly improves
the image contrast by spatially filtering the blurring attribut-
able to scattered light and to the side lobes of the Bessel beams.

Several versions of LSFM are available commercially. The
Lightsheet Z.1 (Carl Zeiss, www.zeiss.com) is based on the
original SPIM design (Huisken et al. 2004) and features
double-sided illumination and light sheet pivoting that sup-
ports an even illumination and a reduction of the stripe arti-
facts (Huisken and Stainier 2007). A macroscope LSFM
based on the design by Voie (2002) and Dodt et al. (2007) is
available (http://lavisionbiotec.com/). Finally, a system based
on an inverted SPIM (iSPIM) and dual-view inverted SPIM
(diSPIM) design (Y.Wu et al. 2011, 2013; J.Wu et al. 2013) is
offered as a kit (http://www.asiimaging.com/products/light-
sheet-microscopy/). All systems provide LSFM that is
adapted to different applications, allowing biologists to take
advantage of LSFM and to address biological questions that
could not be considered until now.

The increasing popularity of LSFM requires software pack-
ages able to process a huge amount of generated data. An
important image processing step in light sheet microscopy is
the fusion of 3D image stacks recorded at different angles by
multiview imaging. Several efficient multiview reconstruction
algorithms have been published to date (Preibisch et al. 2010,
2014; Temerinac-Ott et al. 2012).

Combination of LSFM with quantitative single-molecule
detection techniques: FCS, FLIM, FRET, localization,
STED and Raman microscopy

LSFM boosts the signal-to-noise ratio and allows shorter ex-
posure times and faster acquisition rates. Therefore, it is well
suited for the analysis of single molecules in cells. Single
molecule imaging and the tracking of fluorescent proteins in
live cells with LSFM have been demonstrated and achieve a
temporal resolution up to 10 ms (Gebhardt et al. 2013; Ritter
et al. 2010). A further intriguing application of LSFM in living
specimens is fluorescence correlation spectroscopy (FCS),
which requires two necessary conditions: fast acquisition
and small observation volume. Modern cameras can meet
the first condition and a dynamic range of more than 10 bits.
The thin and diffraction-limited light sheet provides a small
observation volume extended over the whole field of view.

This enables massively parallel FCS measurements. Parallel
measurement is essential to generate the data required for an-
alyzing the diffusion in spatially non-homogeneous environ-
ments. Recently, the dynamics of fluorescent nano-beads
injected into the blood stream of living zebrafish embryos at
48 h post-fertilization has been observed. Interestingly, the
flow speed of the beads, which was extracted from the auto-
correlation functions (ACFs), were consistent with the move-
ments of single beads, which were directly estimated from the
images of time series. This means that the heartbeat rate can be
obtained directly from the peaks of the ACFmeasured close to
the heart (Wohland et al. 2010). FCS at the protein level in a
living cell is also feasible, e.g., two-dimensional (2D) FCS
measurement of the nuclear localization signal (NLS) green
fluorescent protein (GFP) in isolated wing imaginal discs of
Drosophila melanogaster larvae has been demonstrated
(Capoulade et al. 2011). In the same study, protein interactions
such as the α isoform of heterochromatin protein 1 (HP1α)
with chromatin in 3 T3 cells were investigated. Recently, the
technique was also extended to two-color fluorescence cross-
correlation spectroscopy (Krieger et al. 2014). In short, the
application of LSFM in FCS enables parallel measurement
per time interval per sample; this is feasible in heterogeneous
3D specimens and in vivo.More than 100,000 FCS curves can
be collected in a single day. Open-source software provides
calculations of spatial and temporal auto- and cross-
correlations and of the differences in cross-correlation func-
tions (Sankaran et al. 2010). Different 2D array detectors for
parallel FCS measurement based on LSFM have also been
compared (Singh et al. 2013).

Long-term recording in fluorescence lifetime imaging
(FLIM) has been achieved with LSFM (Greger et al. 2011).
The combination of Förster resonance energy transfer (FRET)
and LSFM has been demonstrated in order to show that it is an
ideal approach for monitoring Ca2+ signaling in vivo (Costa
et al. 2013). It is also feasible to combine LSFM with super-
resolution techniques such as localization and stimulated
emission depletion (STED) techniques (Cella Zanacchi et al.
2011). Finally, Raman imaging also benefits from light sheet
illumination with improved axial resolution and acquisition
speed. The wide-field Raman images of polystyrene beads at
a diameter of 20 μm have been acquired within less
than 2 min instead of within an hour with conventional
confocal Raman spectroscopy (Barman et al. 2010). Raman
imaging of a living young fish (Quintet line) has also been
achieved (Oshima et al. 2012).

LSFM for 3D cell cultures

Scientists working on drug discovery, toxicology, stem cells
and regenerative medicine increasingly employ 3D cell cul-
tures in order to obtain physiologically relevant data
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(Pampaloni et al. 2007, 2009; Pampaloni and Stelzer 2010).
LSFM is optimally suited for the imaging of 3D cell cultures.
The high acquisition speed and good penetration depth of
LSFM allow the fast recording of particularly large speci-
mens, such as multicellular spheroids (Verveer et al. 2007)
and cells embedded in surrogates of the extracellular matrix,
e.g., collagen or Matrigel (Pampaloni et al. 2014a). These
favorable imaging properties facilitate the prolonged live

imaging (up to several days) of 3D cultures (Pampaloni
et al. 2014a). Technologists have developed specific mounting
protocols for the observation of 3D cultures with LSFM. The
easiest approach consists in embedding the specimen in low-
melting agarose. This method is particularly well-suited for
the multi-view imaging of live and fixed multicellular spher-
oids (Swoger et al. 2014a; Pampaloni et al. 2013; Verveer
et al. 2007; Fig. 2a). However, the embedding of material in

Fig. 2 Specimen preparation for live imaging of three-dimensional cell
cultures with LSFM. a Full embedding of pre-formed multi-cellular
spheroids in low-melting agarose in a glass capillary and extrusion of
the agarose cylindrical slab for LSFM imaging. a’ Positioning of the
mounted spheroid in a medium-filled LSFM chamber. a’’ Enlarged view
of the embedded spheroid in front of a water-dipping detection objective
lens. Bars 1 mm. Modified from Swoger et al. (2014a). b One
multicellular spheroid located at the conical bottom of an Bagarose
beaker .̂ Both the agarose beaker and the cellular spheroid are visible
under dark field illumination. Image recorded with a stereomicroscope

at 25× magnification. b’ Enlarged view of the spheroid at the bottom of
the beaker. Phase contrast image recorded with a 20× objective. Bar
300 μm. b’’ Same spheroid, fluorescence image. Marker: H2B-GFP.
Modified from Pampaloni et al. (2015). c From left to right, agarose
beaker containing MDCK cell cysts embedded in collagen type I gel
and three views at increasing magnifications (c’, c’’, c’’’). A single
MDCK cell embedded in the gel within the beaker grows over several
days forming polarized epithelial hollow spheres (cysts). The
morphology of single cysts is visible in c’’’. Bar 1 mm. Modified from
Pampaloni et al. (2014a)
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full agarose cylinders mechanically constrains the specimen
and potentially biases its biological response. In order to over-
come this drawback, tiny transparent cylindrical wells (aka
beaker) cast with inert hydrogels such as agarose or gelrite
(aka phytagel) were employed for the time-lapse observation
of multicellular spheroids (Fig. 2b; Lorenzo et al. 2011;
(Pampaloni et al. 2015) and of MDCK-cell cysts growing in
3D collagen (Pampaloni et al. 2014a; Fig. 2c, and see below).
In the Bhydrogel-beaker^ method, one cellular spheroid (or a
cell suspension) is gently pipetted in the hydrogel beaker. The
spheroid or the cells quickly sediment at the bottom (Fig. 2b).
Thus, the spheroid forms in the beaker exactly as in the Bliquid
overlay^method (Friedrich et al. 2009). Themitosis dynamics
in large (diameter about 400 μm) live HCT116 human colon
carcinoma spheroids growing in hydrogel beakers has been
observed over a period of hours by LSFM (Lorenzo et al.
2011). The hydrogel beakers have a cylindrical surface. This
can introduce aberration in the images. In order to reduce

aberrations, squared cross-section agarose beakers have been
produced by using 3D-printed templates (Fig. 3a–c;
Desmaison et al. 2013; www.ip3d.fr/IP3D/SPIM/SPIM.
html). The squared beakers contain multiple chambers that
facilitate the observation of multiple spheroids during one
time-lapse experiment in parallel. In general, mounting 3D
cell cultures within hydrogels such as agarose (both by em-
bedding or within Bagarose beakers^) has the advantage of
favoring the diffusion of nutrients and soluble factors to and
from the cells. However, several experiments require the con-
finement of the cells within a completely isolated environment
in order to avoid any exchange with the external environment.
This is the case in drug screening studies, in which the cells
are exposed to a well-defined concentration of drugs, growth
factors, cytokines, etc. For these applications, different mount-
ing approaches are necessary. Recently, a microfluidic cham-
ber suitable for LSFM-imaging was achieved by soft lithog-
raphy with inert and bio-compatible silicone rubber

Fig. 3 Specimen preparation for
live imaging of cellular spheroids.
a Square-cross section hydrogel
beaker containing four separate
chambers for the observation of
multiple spheroids. Modified
from http://www.ip3d.fr/IP3D/
SPIM/SPIM.html. b LSFM
holder for the square cross-section
hydrogel beaker. Modified from
http://www.ip3d.fr/IP3D/SPIM/
SPIM.html. c Possible geometry
of excitation and detection in the
square cross-section hydrogel
beaker. Each chamber is imaged
sequentially. d Microfluidic
polydimethylsiloxane (PDMS)
microwells suitable for the
observation of cellular spheroids
with LSFM. e Mounting of the
PDMS microwells on the light
sheet microscope employed by
Patra et al. (2014), whose
detection optics consist in an
inverted microscope (CCD
charge-coupled device). d, e
Modified from Patra et al. (2014)
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(polydimethysiloxane, PDMS). Single spheroids were cul-
tured in nine cubical micro-wells, with a volume of 200×
200×250 μm3 each. Both the highly transparent planar walls
and the geometrical arrangement of the PDMS micro-wells
allowed imaging with LSFM (Fig. 3d, e; Patra et al. 2014).
Another approach for isolating specimens is by placing them
in glass capillaries. However, imaging through cylindrical
capillaries is not suitable because of strong optical aberration.
The answer to this problem is to employ tiny square-cross
section glass capillaries (Pampaloni et al. 2014b; Bruns et al.
2012, 2014). These caplillaries allow the specimen to be con-
fined within a volume of about 20 μl and avoid any mass or
gas exchange with the outside environment (Bruns et al.
2012). The squared cross-section allows an aberration-free
recording of multiple views of the specimen from four
rotation angles (Pampaloni et al. 2014b). If more angles
are required, an octagonal cross-section can be employed
(Pampaloni et al. 2014b).

In order to perform long-term time lapse imaging of live
specimens, an optimized environmental control system fully
integrated with LSFM is required. Tissue-culture LSFM (TC-
LSFM; Pampaloni et al. 2014a, 2015) was employed to mon-
itor the development ofMDCK cell cysts in a 3D collagen gel.
The cell-gel mixture when still in the liquid stage was poured
into agarose beakers and allowed to polymerize in the incuba-
tor (Fig. 2c). Up to sixty embedded MDCK cells were ob-
served in parallel for up to 5 days. The details of the set-up
are shown in Fig. 4. In a further study (Pampaloni et al. 2015),
the aggregation, compaction and growth of HeparRG liver cell
spheroids was imaged over a period of 150 h (6.25 days) at
intervals of 15 min. In total, 600 3D stacks with two channels
(transmitted light and fluorescence from the H2B-GFP nucle-
ar marker) were recorded. Each 3D stack contained 135 single
frames spaced 2.6 μm along the z-axis (81,000 frames in total
over 150 h). The analysis of the time-lapse data showed that the
progressive aggregation and compaction of the HepaRG cells
lasted for approximately 60 h. From 60 h onwards, spheroid
compaction occurred, as inferred from the volume reduction of
the spheroid. The mitotic events during the spheroid formation
were counted, showing that cell proliferation occurred in corre-
spondence to the outer cell layers.

LSFM for plant biology

In contrast to animals, the majority of plant organs develop
post-embryonically. Thus, in many instances, organ formation
(e.g., the development of lateral roots) occurs within a pre-
existing tissue in plants (Maizel et al. 2011). This implies that
whole plant specimens, which are usually large, must be im-
aged in order to observe organ morphogenesis. Hence, the
imaging of organ formation in a living plant with a conven-
tional microscope is challenging. In contrast, the imaging of a

living plant by LSFM is relatively straightforward. This is
because of the long penetration depth and the possibility of
mounting the specimen in three-dimensions under close-to-
natural conditions. In a study performed with a SPIM, a ver-
tically growing Arabidopsis thaliana root was imaged at cel-
lular resolution every 6 to 15 min over several days. The cell
nuclei were tracked and the cell divisions were identified
(Sena et al. 2011). In further work, the growth of the lateral
roots of Arabidopsis thaliana was observed with the more
advanced mDSLM system (Maizel et al. 2011). The plant root
was mounted in a phytagel slab, whereas the leaves were in
the air. The lateral root was able to grow entirely outside the
phytagel. Thus, the light sheet did not pass any substrate dur-
ing the imaging, ensuring the best image quality. A solar-
spectrum light source was used to illuminate the leaves.
Multi-color 3D imaging of the living plants was achieved at
organ, cellular and subcellular scales over long observation
periods with the minimal damage of light to the sample
(Maizel et al. 2011). With this approach, many quantitative
descriptions of growth processes can be addressed in plants by
investigating the interplay between the patterns of cell divi-
sion, organ shape and surrounding tissues. Dynamic 3D anal-
yses of the morphogenesis of lateral root primordia (LRP)
were performed with mDSLM (Lucas et al. 2013) and
revealed two important new aspects of LRP morphogenesis.
First, atypical radial and tangential cell divisions establish the
radial symmetry of the new primordium by forming a ring that
confines the growth of the rapidly proliferating cells at the
apex. Second, stereotypical patterns of cell division are not
essential for correct primordium morphogenesis. Rather, the
mechanical properties of the tissue overlying a new primordi-
um are determinant for morphogenesis.

The dynamics of pericycle and endodermis before and dur-
ing the first asymmetric cell division in LRP formation in
Arabidopsis thaliana have also been quantified. The LRP
must grow through overlying endodermal cell layers and pre-
vious observations with confocal microscopy led to the pre-
diction that the endodermal cells lose volume, change shape
and relinquish their tight junctions (i.e., forming holes) to
allow the emerging LRP to pass through these layers. In this
new study, however, these phenomena were investigated live
in a living plant by LSFM. With live imaging, Vermeer et al.
(2014) observed, for the first time, that the break in the endo-
dermis and the growth of the pericycle do not occur simulta-
neously; instead, the endodermis cells shrink first and the
primordium cells swell later.

LSFM for developmental biology

The first applications of modern LSFM were the observations
of developing model organisms such as medakafish,
zebrafish and fruit fly. Since then, further model organisms
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have been investigated, includingCaenorhabditis elegans and
the red flour beetle Tribolium castaneum (Strobl and Stelzer
2014). Substantial technical advancement has been made to-
wards real-time in toto imaging of developing embryos with
LSFM. The image quality and the recording speed have been
significantly increased by using dual-sided illumination and
detection, faster and higher-resolving cameras (e.g., scientific
CMOS cameras) and improved control electronics
(Vladimirov et al. 2014; Ahrens et al. 2013). The imaging
depth has been improvedwith self-reconstructing beams (such
as the Bessel and Airy beam; Vettenburg et al. 2014) in com-
bination with multi-photon excitation (Truong et al. 2011;
Pantazis and Supatto 2014). Several strategies to improve the
rejection of the background signal have been suggested, in-
cluding structured illumination (Breuninger et al. 2007) and
confocal slit detection (Pantazis and Supatto 2014). Several

reviews illustrate the contribution of LSFM to advancements
in developmental biology (Huisken and Stainier 2009; Tomer
et al. 2011; Weber and Huisken 2011). The main challenge is
currently to improve the computational efficiency along the
whole imaging pipeline, rather than the technical refinement
of the microscope hardware (optics, electronics). Indeed, in the
case of in toto live embryo imaging, the amount of raw data
easily approaches the terabyte range. One key advancement
will be to perform as many image processing tasks as possible
in real time during live imaging, such as cell segmentation and
lineaging (Keller 2013). Alternatively, a radial maximum in-
tensity of the raw data is computed in real time to achieve a
240-fold reduction in data rate, as originally suggested by
Keller et al. (2008a, 2008b) for the analysis of microtubule
asters and by Schmid et al. (2013) for the analysis of zebrafish
embryo development.

Fig. 4 Tissue-culture LSFM (TC-LSFM) allows the long-term imaging
of live three-dimensional cell cultures. a The perfusion chamber, which is
made of inert polyoxymethylene (POM, Delrin), features an embedded
heater with active temperature control, an inlet and outlet for media
perfusion and an airtight flexible cover that allows the Bxyz^
translation of the specimen and isolates the internal environment from
bacterial contamination. b Photograph of the TC-LSFM perfusion

chamber. c Overview of the entire perfusion system: CO2/air mixer, gas
exchanger box to saturate the flowing medium with the gas mixture of
desired composition, supply and waste bottles, peristaltic pump
regulating the flow and TC-LSFM chamber. d Development of MDCK
cysts over 70 h recorded in three-dimensions by TC-LSFM. Modified
from Pampaloni et al. (2014a)
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LSFM for the neurosciences

The high recording speed of LSFM, combined with its sub-
micrometer resolution and low photo-bleaching, provides the
means to perform whole-brain neuroanatomy of fixed speci-
mens and whole-brain functional imaging in live animals at
cellular and sub-cellular resolution. This addresses essential
questions in the neurosciences, such as the finding of the neu-
ronal connections between and within the various regions of
the nervous system (i.e., a comprehensive wiring diagram of
the brain) and the correlation of patterns of neuronal activity
with behavior and sensorial stimulation (Kasthuri and
Lichtman 2007). Among other light microscopy techniques,
LSFM is contributing to map the connectivity of the mouse
brain, the so-called Bmesoscopic connectome^ project (Oh
et al. 2014), whose aim is to build a comprehensive neuroan-
atomical online atlas of the mouse brain (Osten and Margrie
2013). The combination of fluorescent labeling of long-range
synaptic connections with a modified rabies virus, optical
clearing (see also the following paragraph) and LSFM imag-
ing has produced a high-resolution 3D map of the neurons
connecting the ventral forebrain with the bulbar interneurons
(Niedworok et al. 2012). Protocols for the clearing and the
LSFM imaging of the mouse brain have been published
(Ludovico Silvestri et al. 2013). LSFM is the tool of choice
for in vivo functional studies of the brain in model animals.
Turaga and Holy (2012) recorded the simultaneous
chemosensory response of many thousands of neurons in ex-
plants of the mouse vomeronasal organ stimulated with vari-
ous pheromones. In a further study by the same authors, a
large-scale functional mapping of the vomeronasal glomerular
layer was carried out by LSFM (Hammen et al. 2014). The
mouse brain is opaque and too large for live in toto observa-
tion. However, in small and transparent model organisms such
as larval zebrafish, the activity of the entire brain can be mon-
itored live. For example, the simultaneous activity of almost
all neurons, about 105, was recorded in transgenic animals
expressing the fluorescent calcium indicator GCaMP5G, a
marker of neuronal activity (Ahrens et al. 2013). DSLM with
simultaneous multiview imaging (Tomer et al. 2012) was
employed to achieve the required high recording speed. The
system records a volume of 800×600×200 μm3 composed of
41 slices, spaced 5 μm apart, in 1.3 s, i.e., a sampling frequen-
cy of 0.8 Hz. Large anatomical regions showing a correlated
neuronal activity (functional circuits) were mapped and two
functional oscillatory circuits consistently present in the larval
brain were found. One circuit was located in the hindbrain
behind the cerebellum, whereas the other was part of the lat-
eral inferior olive. In a further study, LSFM-based whole-
brain functional imaging was combined with visual inputs to
induce fictive swimming in a paralyzed larval zebrafish. The
original dual-side laser sheet illumination was modified in
order to avoid a bias in the data attributable to the stimulation

of the retina by the light sheet. With this new method, the neu-
ronal activity in the live zebrafish larva could be observed in
real-time during visuo-motor behavior (Vladimirov et al. 2014).

Three-dimensional models of human nervous tissue (aka
neurospheres or central nervous system [CNS] organoids)
based on, for example, differentiated iPSC (induced
pluripotent stem cells; Lancaster et al. 2013) or progenitor
cells are available (Brito et al. 2012). These tissue models
are increasingly important for drug and toxicity screening.
LSFM is emerging as an important imaging tool for
analyzing both the morphology and dynamic processes
in CNS organoids (Gualda et al. 2014) and in organoids
mimicking various other tissues (Pampaloni et al. 2013;
Swoger et al. 2014a, b).

Outlook: high-throughput LSFM and Bmicrotome-free
histology^

The technical improvements of LSFM have focused on in-
creasing the recording speed for high-end imaging of devel-
oping embryos or of the beating heart in zebrafish embryos
(Tomer et al. 2012; Mickoleit et al. 2014; Krzic et al. 2012).
Nevertheless, one obviously unsolved limitation of LSFM is
the low throughput, which limits its potential for screening a
large number of specimens. Multi-specimen imaging has been
successfully performed on collagen-embedded MDCK cells
by TC-LSFM (Pampaloni et al. 2014a). However, in the case
of large samples, such as large spheroids or embryos, usually
only one single specimen per experiment can be realistically
recorded. A suggested system able to increase the throughput
of LSFM is similar to that of a flow cytometer, in which the
samples (e.g., cellular spheroids) are passed through a square
cross-section glass capillary (Bruns et al. 2012; J. Wu et al.
2013; Y. Wu et al. 2013). A completely different approach to
increasing the throughput of LSFM-imaging consists in using
a Bfarm^ of LSFM set-ups working in parallel. The open-
access project BOpenSPIM^ (http://openspim.org) provides a
blueprint for building a compact, relatively inexpensive
LSFM set-up that could be suitable for building a SPIM farm
(Pitrone et al. 2013; Fig. 5). However, the gold standard for
high-throughput imaging is a substrate such as 96- or 384-well
plates. Multi-well plates are ubiquitous in cellular assays. A
huge choice of laboratory equipment used in high-throughput
assays works in combination with micro-well plates, ranging
from multiple-tip pipettes to fully automated pipetting
robots. Thus, a truly practicable high-throughput screen-
ing LSFM should be compatible with the geometry of
multi-well plates and with standard motorized micro-
scope stages. Indeed, a module adding LSFM function-
ality to an inverted microscope has been developed
(so-called iSPIM/diSPIM; Y. Wu et al. 2011, 2013; J.
Wu et al. 2013) and is also available commercially
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(http:/ /www.asiimaging.com/products/l ight-sheet-
microscopy/). Whereas iSPIM/diSPIM can image speci-
mens in Petri dishes and in similar planar substrates, it
is not suitable for multi-wells because of geometrical
constraints. Clearly, new ideas are needed in order to
combine LSFM imaging with current high-throughput
screening technology, e.g., oblique plane microscopy
(OPM) might be feasible (Abstract book p 64, 1st
LightSheet Fluorescence Microscopy International
Conference, 25–26 Sept. 2014, http://www.lsfm2014.
com/). A recent technical innovation assessed this
issue and a high-throughput LSFM could soon be a
reality (F. Pampaloni, E.H.K. Stelzer, patent application
submitted).

A further field in which LSFM is going to play an impor-
tant role is microtome-free histology (Dobosz et al. 2014). The
idea is to employ optical clearing methods, in combination
with 3D fluorescence microscopy, in order to perform high-
resolution optical sectioning of tumor or organ biopsies
(Fig. 6). This approach, once clinically validated, could re-
place classical histologal methods. Optical clearing works by
immersing fixed specimens in solutions matching the refrac-
tive index of the specimen. The medium penetrates the tissue
minimizing the differences in the refractive index. Thus,
whereas specimens become transparent, the scattering of light
is strongly reduced. Since the re-discovery of the classical
Spalteholz clearing method in combination with LSFM
(Dodt et al. 2007; Keller and Dodt 2012), several new

Fig. 5 Towards high-throughput LSFM. a OpenSPIM, a compact, rela-
tively low-cost, open-access LSFM from Pitrone et al. (2013). b An
BOpenSPIM farm^, an ensemble of LSFM working in parallel as a

medium-throughput imaging solution in developmental biology from
http://openspim.org/File:2I_1D_OpenSPIM_farm_02.jpg

Fig. 6 BMicrotome-free histology .̂ aOptically cleared KPL-4 xenograft
tumor imaged with LSFM recording the autofluorescence signal. b Upon
optical slicing, i.e., optical clearing and collection of the complete three-
dimensional stack of images in an LSFM, the same specimen was
embedded in paraffin, mechanically sliced with a microtome and stained
with hematoxylin and eosin. Comparison of a, b shows a perfect

correlation between optical and mechanical slices. Necrotic areas (white
arrows) and solid tumor areas (yellow arrows) are clearly distinguishable
in both images. c Volume rendering of an optically cleared KPL-4
xenograft tumor imaged with LSFM, showing blood vessels. d Same
specimen as in c showing the penetration of Trastuzumab-Alexa 750
inside the tumor. Bars 250 μm
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index-matching clearing solutions have been described
(Ertürk et al. 2012; Spence et al. 2014; Susaki et al. 2014;
Tomer et al. 2014; Yang et al. 2014). We anticipate that the
high recording speed of LSFM combined with optical clearing
will open completely new perspectives in this emerging alter-
native method to classical histology.

Concluding remarks

LSFM is the culmination of developments in biology, chem-
istry, physics and technology of the past century, e.g., the
development of fluorophores, cameras and the laser. Without
any or each of them, in particular without the laser, LSFMwill
not work. Consequently, LSFM is not merely a newly devel-
oped technique but it truly shifts the paradigm of modern
fluorescence microscopy. This is not only because it can be
applied to almost all kinds of specimens, e.g., the whole em-
bryo or the whole plant, thick tissue such as brain, a tissue-like
spheroid, a single cell and a single molecule or particle but
also because it can be combined with almost any kind of
imaging technique, e.g., FCS, FLIM, FRET, Raman imaging,
structured illumination, super-resolution localization and
STED. The main motivation behind the development of
LSFM is the avoidance of the waste of fluorophores during
the imaging process. LSFM provides for low photo-bleaching
and low photo-toxicity, true optical sectioning, long-term and
in vivo observations, three dimensionality and live imaging,
all being available at the same time without any compromise.
More techniques are currently developed around LSFM, e.g.,
sample preparation methodologies, high-volume image pro-
cessing and data analyses and the storage and/or transmission
of huge datasets. Thus, we can reasonably say that LSFM is
not only opening a new field inmicroscopy but is also pushing
development in bioinformatics, biophysics and drug
development.
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